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Foreword

With the current volume of the Karger book series Contributions to
Microbiology, we attempt to provide an overview of models of exacerbations of
asthma and chronic obstructive pulmonary disease. This is a large area so
within one volume we cannot be totally comprehensive. However, we have
attempted to point to experimental systems that mimic the pathobiological
processes likely to be critical in the exacerbations of these conditions. By the
same token we asked the contributors to describe both animal models and
human experimental models, since we believe that knowledge generated by
linking both these systems will be required to generate insight into the mecha-
nisms of exacerbations of pulmonary disease and the discovery of future treat-
ments. For this update, we were very honored to have been able to recruit some
of the most eminent scientists within the area of pulmonology to give their
insights into this evolving field of human medicine. We hope that this volume
will serve to stimulate and provoke thoughts in a research area where much
work remains to be done to meet the high unmet medical needs.

Ulf Sjobring

John D. Taylor
Lund, May 2007

Vil



Introduction

Sjobring U, Taylor JD (eds): Models of Exacerbations in Asthma and COPD.
Contrib Microbiol. Basel, Karger, 2007, vol 14, pp 1-11
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Exacerbations of Asthma and COPD:
Definitions, Clinical Manifestations
and Epidemiology

Paul M. O’Byrne

Firestone Institute for Respiratory Health, St. Joseph’s Hospital, Hamilton,
Ont., Canada

Abstract

Exacerbations are important events in patients with asthma and chronic obstructive pul-
monary disease (COPD). Reducing the number, frequency and the severity of exacerbations is
therefore an important management goal identified by treatment guidelines for both diseases.
There are similarities with respect to clinical manifestations, etiology and epidemiology, but
there are also clear differences not the least in how well patients respond to treatment. The
similarities and differences between exacerbations asthma and COPD with an emphasis on
epidemiology and clinical presentation are discussed and compared in this chapter.

Copyright © 2007 S. Karger AG, Basel

Introduction

Exacerbations are important events in the lives of patients with asthma and
chronic obstructive pulmonary disease (COPD), and reducing their number and
frequency is an important management goal identified by treatment guidelines
for both diseases [1, 2]. Indeed, it could be argued that reducing the risk of exac-
erbations is the most important management goal, because exacerbations consti-
tute the greatest risk to patients, are a great cause of anxiety to patients and their
families, the greatest stress on health care providers and generate the greatest
cost to the health care system in providing management [3]. Surprisingly, despite
the importance in preventing either asthma or COPD exacerbations, these have
often not been clearly defined in studies and have only relatively recently (at
least for asthma) become a major outcome variable in research into the efficacy
of drug treatment. Indeed, the first study to be powered to examine an effect of



treatment on severe asthma exacerbations was published a little more than
10 years ago [4], while studies of the management and prevention of COPD
exacerbations extend back more than 40 years [5].

Definitions of Asthma Exacerbations

A working group has recently been developed on establishing a practical,
useful and responsive definition of asthma exacerbations, as part of a larger
initiative established by the European Respiratory Society and the American
Thoracic Society on establishing recommendations on ‘asthma control’. This
working group has suggested that severe asthma exacerbations are events, which
require urgent action on the part of the patient and physician to prevent a serious
outcome, such as hospitalization or death from asthma. The occurrence of severe
asthma exacerbations should be used as a marker of poor asthma control.

A definition of a severe asthma exacerbation should include, at a mini-
mum, at least one of the following:

e The need for oral/systemic corticosteroids at the investigator’s discretion.
The corticosteroids should be administered for at least 3 days, in an effort
to avoid including inadvertent and possibly inappropriate use by patients.
While this component suffers from lack of precision, it is clinically valid,
both sensitive and reasonably specific, and responsive to treatment.

¢ A hospitalization/emergency room (ER) visit because of asthma requiring
systemic corticosteroids. (This definition will exclude those patients
attending ER without a severe exacerbation, for example because they
have run out of medication.)

This definition is more suited to retrospective diagnosis of severe asthma
exacerbations, for example in assessment of clinical trial outcomes, than for use
in clinical practice guidelines describing how to treat severe exacerbations, or
for prospective guidance for investigators about how to manage exacerbations
occurring during the course of a clinical trial, because of the essentially circular
argument about the definition of a severe exacerbation (by the use of oral
corticosteroids) and the way in which severe exacerbations, once defined,
should be treated (with oral corticosteroids).

In the reporting of severe exacerbations, the information on which of the
individual criteria had been met by a patient, so that the event had been recog-
nized as an exacerbation, should be provided.

The inclusion of a change in peak expired flows (PEF) from baseline (most
often a decline of at least 30% for 2 consecutive days) does not appear to be a
sensitive, or a clinically valid, component of a severe exacerbation definition
[6]. Other statistical methods for calculating PEF change may be more robust [7],
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but this requires more information before being included in a definition.
Finally, changes in symptoms and/or (3,-agonist use are sometimes used as part
of a definition of severe asthma exacerbations, but without the least justifica-
tion with regard to an important magnitude of change. If included, the changes
in PEF, symptoms and/or [3,-agonist use should persist for more than 1 day
(unless very severe) to qualify as a severe exacerbation.

Moderate asthma exacerbations are events which, when recognized, should
result in a change in treatment, in an effort to prevent the exacerbation becom-
ing severe; therefore, the concept of a moderate exacerbation has clinical utility.
The definition of a moderate asthma exacerbation should include deterioration
in symptoms, rescue bronchodilator use and/or lung function which lasts at
least 2 days, but which is not severe enough to warrant oral corticosteroid use
and/or a hospital visit. The precise enumeration of the magnitude of change in
these outcomes will differ depending on the population studied and each indi-
vidual patient’s baseline variation. More work is needed to establish definitions,
which take into account the patient’s usual range of variation.

A definition of a ‘mild asthma exacerbation’ is not justifiable with present
methods of analysis, because these episodes will be only just outside the normal
range of variation for the individual patient and may reflect transient loss of
asthma control rather than the early stages of a severe exacerbation.

The definitions which may be suitable for clinical trials may not necessar-
ily be suitable for use in clinical practice, because of differences in health care
resources (e.g. 24-hour access to investigators in clinical trials), patient and
clinician expectations about, and experience with, monitoring of symptoms or
PEF, and the overriding need for prospective rather than retrospective defini-
tions to provide guidance for health care professionals in treating exacerbations
in clinical practice. In the clinical setting, the absolute severity of exacerbations
will vary considerably from patient to patient, or over time. The clinical charac-
teristics, which cause acute distress to one patient, may represent another
patient’s usual status. Therefore, asthma exacerbations should be clinically
identified by changes in symptoms and/or rescue use and/or in lung function,
which are outside the patient’s usual range of day-to-day asthma variation.

Definitions of COPD Exacerbations

Efforts to define a COPD exacerbation began earlier than for asthma. In
2000, Rodriguez-Roisin [8] summarized the proceedings of a workshop to
develop a definition of an exacerbation of COPD. The definition of a COPD
exacerbation that was agreed upon is ‘a sustained worsening of the patient’s
condition, from the stable state and beyond normal day-to-day variations, that is

Models of Exacerbations in Asthma and COPD 3



Table 1. A scale for COPD exacerbation severity incorporating exacerbations managed at home and in
hospital [reproduced with permission from 9]

Mild An exacerbation treated with antibiotics but no systemic corticosteroid; if no blood
gases are available the absence of respiratory failure is assumed

Moderate An exacerbation treated with parenteral corticosteroids with or without an antibiotic;
if no blood gases are available the absence of respiratory failure is assumed

Severe Type 1 respiratory failure with hypoxia but no carbon dioxide retention or acidosis;
Pao2 <8kPa (60 mm Hg) and PaC02 <6kPa (45mm Hg)

Very severe Type 2 respiratory failure, compensated with hypoxia, carbon dioxide retention but no

acidosis; Pao2 <8kPa (60 mm Hg), PaCOZ >6kPa (45 mm Hg) and hydrogen ion
concentration <44 nm (pH >7.35)

Life-threatening Type 2 respiratory failure, decompensated with acidosis and carbon dioxide retention;
Pacoz >6kPa (45 mm Hg) and hydrogen ion concentration >44nMm (pH <7.35)

P,0, = Arterial oxygen tension; P&C02 = arterial carbon dioxide tension.

acute in onset and necessitates a change in regular medication in a patient with
underlying COPD’. This change in treatment can be qualified to include: (1)
requiring treatment with oral or parenteral corticosteroids and/or (2) requiring
treatment with an antibiotic. Subsequently, Burge and Wedzicha [9] extended
the definition to include a scale of severity of an exacerbation from mild to life-
threatening (table 1).

Clinical Manifestations of Asthma Exacerbations

Severe asthma exacerbations are episodes of increased asthma symptoms,
such as dyspnea, cough, wheezing and/or chest discomfort. Patients are usually
very anxious, hyperventilating, and have a tachycardia. Severe exacerbations
are often associated with hypoxic respiratory failure and, when very severe,
with hypercapneic respiratory failure. The signs of hypercapneic respiratory
failure are the inability to speak in sentences and obtundation. These clinical
signs indicate that the patient has a potentially fatal asthma exacerbation and
indicate an acute medical emergency, requiring immediate treatment [2].

Asthma exacerbations are associated with (often severe) reductions in air-
way caliber, usually measured by a fall in the forced expired volume in 1 s
(FEV)) or in PEF. Ideally, measurements of FEV, should always be made when
patients are seen in an emergency department setting, both to evaluate the
severity of the exacerbation and to monitor the response to treatment.

Asthma exacerbations, in general, develop gradually over 5-7 days before
being recognized and treated [10]. Once treatment with oral corticosteroids is
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started, the exacerbation usually resolves over 5—7 days. However, in occasional
patients, severe life-threatening exacerbations can develop over minutes to
hours [11]. A recent study has reported on in-hospital asthma mortality in the
United States in patients admitted with acute asthma exacerbations [12]. The
mortality rate was 0.5% (99% CI 0.4-0.6) and deaths in this population
accounted for about one third of all asthma deaths reported in the United States.
Interestingly, black patients hospitalized for asthma exacerbations were less
likely to die when compared with Caucasian patients; however, this was not
explained by race differences in hospital deaths and was attributed to factors
preceding hospitalization.

In clinical practice, the concept of a spectrum of severity of exacerbations
is well established. Clinicians recognize episodes which are troublesome to
patients, and which prompt a desire for a change in treatment (even if only
increased reliever use), but which are not severe. In the clinical setting, the
absolute severity of such episodes may vary considerably from patient to
patient, or over time, in that the clinical characteristics which cause acute dis-
tress to one patient may represent another patient’s usual status. These events
are therefore clinically identified by being outside the patient’s usual range of
day-to-day asthma variation.

Clinical Manifestations of COPD Exacerbations

COPD exacerbations are characterized by increased dyspnea, cough, sputum
volume or purulence, wheeze, and chest tightness. Also, patients can experience
fatigue, exercise intolerance, peripheral edema, confusion, cyanosis, and obtun-
dation. Anthonisen et al. [13] identified three cardinal symptoms and used these
to classify exacerbations. These symptoms are increased dyspnea, increased spu-
tum volume and sputum purulence. Exacerbations were then graded into type 1
(all three cardinal symptoms), type 2 (two cardinal symptoms), and type 3 (one
cardinal symptom plus one of the following: an upper respiratory tract infection
in the past 5 days, fever without other cause, increased wheezing or cough, or an
increase in heart rate or respiratory rate by 20% compared with baseline read-
ings). The changes in lung function, because most of the airflow obstruction in
COPD is irreversible, are much less marked that in asthma. Arterial blood gases
and oxygen saturation may also worsen, and severe exacerbations may progress to
respiratory failure.

The onset and resolution of a COPD exacerbation has been described by
Seemungal et al. [14]. These investigators identified a prodromal phase, during
which respiratory symptoms of dyspnea, sore throat, cough, and nasal congestion
worsened for 7 days before the onset of exacerbation. On the day the exacerbation

Models of Exacerbations in Asthma and COPD 5



was identified, symptoms increased sharply, but the changes in lung function
were small. The exacerbation took, on average, 7—14 days to recover. However,
a much longer period of up to several months was needed to recover health sta-
tus as measured by health-related quality of life. The longer duration of worsen-
ing health status compared with lung function suggests that exacerbations have
a lasting impact.

Some COPD patients experience frequent exacerbations. Not surprisingly,
these patients have a poorer quality of life [15], are more likely to be readmitted to
hospital [16] and are associated with higher rates of mortality [17]. Several studies
have examined the long-term consequences of COPD exacerbations on lung func-
tion. These studies have been consistent in their conclusions that patients with fre-
quent COPD exacerbation (>2/year) had a more rapid decline in FEV, [18-20].

The mortality rates in patients admitted to hospital with an acute exacerba-
tion of COPD have ranged from 4 to 30%. This variability can in part be
explained by the different subgroups of patients that were evaluated in different
studies [21]. In patients without respiratory failure, the mortality rates range
from 5 to 11%; however, in patients admitted with respiratory failure the mor-
tality rates are higher ranging from 11 to 26%. Also, mortality rates appear to
be higher in smaller, nonteaching hospitals when compared to teaching hospi-
tals [22]. Following hospital discharge after treatment for an acute exacerba-
tion, in the United Kingdom, 14% of patients die within 3 months [16]. Similar
information is available from the United States, where hospital mortality rates
were 11%, 20% after 2 months, 33% after 6 months, and 43% after 12 months
[23], and in the Netherlands, where hospital mortality rates were 8%, increasing
to 23% after 1 year after discharge [24]. In these studies, common predictive
factors for mortality were severity of illness, body mass index, age, prior func-
tional status, abnormalities in gas exchange, a high comorbidity index, and
prior hospital admissions.

Epidemiology of Asthma Exacerbations

It is very difficult to accurately estimate the prevalence of even severe
asthma exacerbations and comment about the change in prevalence over time.
Asthma mortality is a surrogate for the most severe exacerbations and the risk
of death from asthma has declined over the last two or three decades in children
and adults in both the United States and Britain [25, 26]. Importantly, while a
decline in asthma deaths had occurred in the black population in the United
States, their risk of asthma death remains over 3 times that of white patients [26].
Also, asthma mortality prevalence changes with age, with asthma deaths being
rare in children and increasing to 6.71/100,000 in adults over 65 years [27].

O’Byrne 6
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Fig. 1. Annual cycles of ER presentations for asthma (AS) and COPD as multiples of
the weekly mean number by week of the year, combining all events from April 2001 to
March 2004 in Ontario, Canada. The scale has been set to run from week 14 to week 13 to
permit an unbroken view of the new year period [reproduced with permission from Neil
W. Johnston, Firestore Institute for Respiratory Health, Hamilton, Ontario, Canada].

Variations in the prevalence of asthma exacerbations are associated with
seasons of the year. Seasonal cycles of asthma exacerbations requiring hospital
treatment have been reported in many northern hemisphere countries including
Canada, the USA, the UK, Mexico, Israel, Finland, and Trinidad, West Indies
[28]. Similar cycles have also been reported in Australia and New Zealand. The
epidemic peak in early autumn, in all countries examined, is of greatest magni-
tude in children, less in younger adults, and barely detectable in the elderly (fig. 1).
One reason for this is the exposure to environmental allergens, such as those
caused by pollens [29] and moulds, such as Alternaria [30]. However, environ-
mental allergen exposures do not explain the majority of these severe exacerba-
tions, especially in children. The most likely explanation for a marked increase
in hospital visits for severe asthma in the early fall in the northern hemisphere
is related to factors that condition the transmission of rhinovirus infection
[31, 32]. These include whether schools are open and the occurrence of other
events that may foster rhinovirus transmission. While the majority of asthma
exacerbations coincide with rhinovirus infections, the effects of these on asth-
matics may be amplified by poor air quality (both ambient and domiciliary) and
exposure to allergens, but the severity of asthma symptoms experienced during
exposure to these insults will depend primarily on the degree of asthma control
achieved in a given patient.

Models of Exacerbations in Asthma and COPD 7



The long-term effects of the frequency and/or severity of asthma exacerba-
tions are not well characterized, but it is possible that, as in COPD, asthmatics
who experience severe exacerbations may show a decline in lung function. This
is an area in which there are few studies and where further research is required.

Epidemiology of COPD Exacerbations

COPD will be the third leading cause of death worldwide by 2020 [33].
Many of the deaths will occur during an acute exacerbation of COPD. The true
prevalence of symptomatic COPD exacerbations is very difficult to estimate, as
many are not formally reported to health care providers. However, the preva-
lence of more severe COPD exacerbations can be estimated by visits to health
practitioners or hospitalizations for episodes managed as COPD exacerbations.
Thus, COPD exacerbations were responsible for >0.9% of all hospital admis-
sions and 2.4% of the acute medical admissions in England during 2003/2004
[34]. The equivalent figures for asthma were 0.56 and 1.3%, respectively. Also,
the number of COPD hospital admissions has risen considerably since the early
1990s. For example in the United Kingdom, between 1998 and 2003, the num-
ber of COPD admissions rose by 13.1% and the proportion of men admitted
rose from 72 to 79%, with a mean length of stay of about 10 days [34].

Another estimate of the overall prevalence of COPD exacerbations is the
frequency of visits to family physicians. In a study from Spain [35], the median
number of exacerbations seen in primary care was 2/year, with 31% of patients
suffering 3 or more exacerbations per year. Also, evidence collected from the
General Practice Research Database in the United Kingdom suggested that
COPD patients averaged 4 visits/year to the family physician in the 45-54 age
range, 4.5 visits/year in the 55-64 age range, 3.6/year in the 65-74 age range,
and 1.5 visits/year in the 75-84 age range because of exacerbations [36].

There is a marked season variability to COPD exacerbations, with about
50% of these occurring during the winter (fig. 1) [34]. This may be explained
by the fact that most COPD exacerbations are caused by viruses (influenza
virus being most commonly implicated), bacteria, or environmental pollutants
and by the cold weather [37].

Conclusions

Both asthma and COPD exacerbations are major causes of morbidity and
mortality in these chronic airway diseases. There are some similarities in their
onset, both usually developing over 7—10 days before being recognized as an

O’Byrne 8



exacerbation; however, asthma exacerbations usually respond more quickly and
completely to the initiation of treatment. Similarities also exist with regard to
their initiating factors, particularly respiratory tract infections with viruses,
although the importance of the virus types differs, with rhinovirus infection
being particularly important in causing asthma exacerbations and influenza
virus in COPD (although these distinctions are by no means absolute). Also,
environmental allergen exposure has an important role in asthma, but not
COPD. The fact that the type of virus and allergen exposure are important dif-
ferences in the pathogenesis of asthma and COPD exacerbations likely
accounts for the fact that the season peaks of exacerbations for asthma and
COPD differ (fig. 1).

Finally, interesting differences exist in the prevalence of exacerbations in
these two diseases, with 2—3 exacerbations/year being commonplace in moderate-
to-severe COPD despite being on optimal treatment, but asthma exacerbations
being much less frequent on optimal treatment. This is likely due to the fact that
inhaled corticosteroids, the mainstay of treatment of asthma, are so effective in
reducing the risk of asthma exacerbations, but have a much less obvious effect
in reducing COPD exacerbations.
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Abstract

In both children and adults, rhinovirus (RV) infections remain a major cause of exacer-
bations in asthma. With the use of both in vitro models of RV infection and experimental
models of asthma exacerbation in humans, insight into the precise role of RV in this process
has been obtained. RV infects the lower airways, and the virus itself, together with the
immune response to the virus, leads to increased airway obstruction in some patients with
asthma. Defects in the immune response to RV in these patients may also lead to increased
symptom severity and to more significant exacerbations. Work further investigating the
mechanisms of exacerbation caused by RV infection will ultimately lead to new modalities of
treatment and possibly prevention of this common and significant cause of acute asthma.

Copyright © 2007 S. Karger AG, Basel

Introduction

Asthma is a heterogeneous disease that ultimately leads to a clinical con-
stellation of symptoms including cough, wheeze, and shortness of breath. These
symptoms are usually accompanied by an influx of inflammatory cells and air-
flow obstruction. When exacerbations of asthma occur, these underlying clinical
and pathophysiological features are accentuated, and a deterioration of asthma
control follows, often despite existing treatment. Given the importance of
asthma exacerbations to a loss of disease control, and patient risks for increased
morbidity and mortality, it is important to understand both the immunopatho-
genesis of these events and mechanisms leading to increases in asthma severity.

Many factors contribute to an increase in asthma symptoms including res-
piratory infections, allergens, irritants, and occupational exposures. Each of
these exacerbating factors likely acts through different mechanisms, but has a
final common pathway that includes cellular inflammation, enhanced bronchial



responsiveness, and greater airflow obstruction [1]. As respiratory viruses are
the most frequent cause of both the common cold and asthma exacerbations
[2, 3], this area of study holds important clinical insights. In addition to causing
the exacerbation itself, viral infections may also alter cytokine expression even
when the asthmatic airway is already inflamed [4]. This response may lead to
decreased viral clearance and greater persistence of inflammation [5]. Thus, the
study of viral infections in asthma will provide further insight into both
immunopathogenesis and direction of future treatment.

Epidemiology

Respiratory viruses are the most frequent cause of both the common cold
and asthma exacerbations. In a study of children aged 9-11 years, 80-85% of
asthma exacerbations that resulted in reduced peak expiratory flow and wheez-
ing were found due to viral upper respiratory infections [2]. Similarly,
Nicholson et al. [3] found that 57% of adult asthma exacerbations were due to
upper respiratory tract infections. Of the infections associated with virus-
induced exacerbations, rhinovirus (RV) was the most commonly found
microorganism (~65% of all cases). Also, admission rates for asthma exacer-
bations correlate significantly with the seasonal pattern of RV infections,
e.g., September through December and April [6]. Thus, RV is the major cause
of asthma exacerbations and respiratory infection-provoked asthma attacks in
both children and adults.

Microbiology

RV, a member of the Picornaviridae family, is a small, single-stranded
RNA virus with a capsid of four distinct proteins. There are more than 100
serotypes of RVs, the majority of which bind to the intercellular adhesion
molecule-1 (ICAM-1) receptor. Epithelial cells are the principal target of RV, the
site of viral replication, and the initiators of the immune/inflammatory response
[7]. When RV infects epithelial cells, cytokines and other mediators are gener-
ated and released (see below) to recruit cells to the airway. In the acute phase of
a cold, neutrophils are the primary inflammatory infiltrate found. Plasma leak-
age also occurs to contribute to airway edema and a build-up of airway secre-
tions. Although not fully established, airway obstruction with virus-provoked
asthma likely arises from inflammatory cell infiltration, edema, secretions, and
mucus hypersecretion. Other factors, including direct neuronal stimulation by
the virus, may also promote bronchospasm and airflow obstruction [8].
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As RV infections are the major cause of the common cold, it was initially
felt that those infections were confined to the upper airway. Now, however, it is
clear that RV can, and does, infect the lower airway as well [9]. When wild-type
RV isolates were incubated at 33°C (upper airway temperature) versus 37°C
(lower airway temperature), viral replication was observed at both temperatures
[10]. Also, RV appeared to infect both upper and lower segments of the respira-
tory tree equally well [11] and the frequency of lower airway infection was sim-
ilar to that observed in the upper airway [12]. In addition, analysis of sputum
samples after experimental infection with strain RV-16 have indicated that the
amount of virus in the lower airway varies among individuals, but can reach the
same high levels of infection found in upper airway tissues [11]. These findings
suggest RV can indeed infect the lower airway. Differences in the host response
to the virus may account for the variability in lower airway viral infection and,
by extension, chest symptoms in different patients. It is proposed that worsen-
ing of asthma symptoms arises secondarily to the extension of infection to the
lower airway where inflammation increases and airflow obstruction follows.

Experimental Virus Infection in Human Asthmatic Patients

Experimental virus infection of humans may be a useful tool to understand
basic mechanisms in viral infections and how they may relate to asthma exacer-
bations. Patients infected with an experimental safety-tested strain of RV often
have a relatively mild response compared to those with naturally occurring
infections, including less severe clinical and cellular responses [5]. In addition,
by infecting patients in a clinical study, early, prospective analysis of both symp-
toms and physiological responses can be accomplished in a monitored setting.

Immunopathogenesis

Patients with asthma or allergic rhinitis suffer from increased pathophysi-
ology as a result of RV infection. Although cold symptoms usually last 1 week
or less, decreases in peak flow following RV infections can persist for a median
of 2 weeks in school-aged children [2]. This association suggests that RV infec-
tion persists in the lower airway in asthmatic patients or that the consequences
of an RV infection (such as lower airway features of asthma) last beyond the ini-
tial phase of the infection [13].

As the RV infection becomes established in the airway epithelium, the
virus-infected tissue and airway leukocytes release a variety of cytokines and
mediators that are likely to cause or enhance airway inflammation. It is proba-
ble that the generation of mediators, rather than a direct airway injury by the RV
itself, enhances existing airway inflammation. Increased transcription of the
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Fig. 1. Infection with RV causes neutrophil influx with increased inflammatory
cytokines. Once activated, epithelial cells release further mediators (IL-1, IL-6, IL-8, IL-10,
G-CSE, IFN-y, RANTES) which increase inflammation, and lead to exacerbation. This
response is increased in the presence of allergic airway inflammation.

genes encoding many cytokines and chemokines occur with RV infection,
including IL-1, IL-6, IL-8, IL-10, IL-16, G-CSF, interferon-y (IFN-vy) and
RANTES [9, 14], which have been described both in vitro in studies of
bronchial epithelial cell lines and in vivo (fig. 1). In addition, Papadopoulus
et al. [15] found an increase in the Th2 cytokines IL-4 and IL-13 in asthmatic
subjects. Induction of inflammatory cell recruitment and activation may occur
as a result of these mediators. RV infections, like other viral infections, cause a
transient increase in the number of circulating neutrophils, a response that cor-
responds to symptoms of the upper respiratory infection [12]. These cytokines
can also increase synthesis of leukocytes to further enhance leukocyte recruit-
ment to the airway, and, perhaps, activate neutrophils to cause inflammation.
Also, viremia has been found early during an acute asthma exacerbation caused
by RV, suggesting a causal role in the pathogenesis of the exacerbation [16].
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The role of individual cytokines or chemokines in the immunopathogene-
sis is not clear and the subject of ongoing investigation. IL-1, TNF-a, and IL-6
induce the acute phase of the response and play a role in the activation of both
T and B lymphocytes. Production of IL-8 by epithelial cells results in neu-
trophil recruitment, a hallmark of viral induced asthma exacerbations. Increases
in sputum neutrophils correlate with increases in sputum IL-8 [17]. In addition,
increases in IL-8 have been found in children with natural colds [18] and exper-
imental RV-16 infections of asthmatic subjects [19, 20]. GMCSEF, eotaxin and
RANTES play a role in eosinophil survival and chemotaxis [21].

The role of IL-10 in virus-induced exacerbations has shown contrasting
results, and deserves special consideration. Grissell et al. [22] completed a study
of 59 patients over the age of 7 years who were admitted to the hospital with acute
asthma. The group was divided into those with and without evidence of a viral
infection. Patients with viral infection (RV was again the predominant infection)
and an asthma exacerbation had significant increases in IL-10 and RANTES. The
authors proposed that the generation of these factors might explain some of the
characteristics of inflammation in virus-induced asthma. For example, IL-10 can
suppress eosinophil cellular infiltration, whereas RANTES promotes eosinophil
degranulation and neutrophil influx. After recovery from the viral illness and
asthma exacerbation, IL-10 levels returned to baseline values, and sputum
eosinophilia reappeared. These observations led the authors to suggest that virus-
induced asthma has immune response features distinct from allergen-provoked
asthma, and that IL-10 likely has a unique but undefined role in this process [22].

In contrast, Corne et al. [14] measured cytokine, chemokine and mediator
levels in nasal lavage from 44 adults (23 of whom were atopic) taken during
acute and convalescent phases of a common cold illness. In the acute phase of
illness, IL-10 levels were significantly higher in the nonatopic group compared
to the atopic group. There was no significant difference in IL-10 levels during
the convalescent phase. As IL-10 has been shown to inhibit some proinflamma-
tory cytokines, it was hypothesized that increased IL-10 during the acute phase
of infection downregulated and limited the virus-induced inflammatory
response [14]. According to these authors, prolonged inflammatory responses
occur as a direct result of this failure to mount an appropriate IL-10 response in
atopic subjects.

Asthma is also associated with an increase in [CAM-1 expression [23].
ICAM-1 is a principal receptor for the majority of RVs, and thus, upregulation
and activation of ICAM-1, which occur both with chronic allergen exposure
and with RV infection, may explain an increased susceptibility of asthma
patients to RV infection.

In addition, recent work has demonstrated that the innate immune res-
ponse to infection with RV may be restricted and deficient in some asthmatic
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patients [24]. For example, Wark et al. [24] found that bronchial epithelial cells
obtained from asthmatic patients and then infected with RV-16 were resistant to
early apoptosis and had a profoundly and significantly deficient type I inter-
feron response compared to RV-infected cells from nonasthmatic patients.
Although there was no difference in expression of ICAM-1, IL-6, or RANTES
in this setting, there was increased viral RNA expression and late cell lysis in
the airway tissues from asthmatic patients. The RV-infected cells from asth-
matic patients lived longer and demonstrated decreased apoptosis. Because of
these immune defects in host defense, asthmatic patients may be more likely to
develop a persistent lower airway infection.

As aresult of these findings, the authors investigated whether interferon-3
(IFN-B) may be an underlying mechanism that contributes to an abnormal
antiviral response in asthma. Interestingly, data confirmed that IFN-f induction
by RV infection of bronchial epithelial cells from asthmatic subjects was pro-
foundly impaired and related to decreased apoptosis of epithelial cells and
increased viral replication [24]. Thus, asthmatic patients may have decreased
innate immunity to RV that results in increased cell lysis (causing a more defec-
tive epithelial layer and inflammation) and viral replication, but decreased
infected cell apoptosis. A defect in IFN-3 may be responsible for these effects.

In another study, 22 subjects with asthma or allergic rhinitis were inocu-
lated with RV-16, and proliferation and cytokine production from peripheral
blood mononuclear cells were determined before, 7 and 28 days after inocula-
tion. Parry et al. [25] and Gern et al. [20] found that peak RV shedding and
symptom severity were inversely proportional to IFN-y generation and directly
proportional to IL-5 production by peripheral blood mononuclear cells. Thus,
asthma patients with a more robust Th1 response were more effective at clear-
ing the illness, and vice versa. Current data suggest that some asthmatic sub-
jects likely have dysfunctional antiviral interferon responses to RV, and these
abnormalities may make these patients more susceptible to an infection and the
consequences of the illness (fig. 2).

Effect of RV and Allergic Sensitization

RV infection may also act synergistically with allergic inflammation. For
example, Calhoun et al. [13] demonstrated that patients with allergic rhinitis,
who were infected with experimental RV-16, had enhanced histamine release
into bronchial alveolar lavage fluid immediately following antigen challenge,
and this response was followed by increased eosinophil recruitment 48 h later.
The increase in airway eosinophils in response to antigen challenge persisted
for up to 1 month postinfection. In addition, Griinberg et al. [19] found that
RV-infected patients had increased airway responsiveness to an inhaled hista-
mine challenge. Conversely, when atopic patients were challenged with nasal
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Fig. 2. The antiviral response of IFN-y and lymphocyte infiltration results in more rig-
orous epithelial inflammation in the asthmatic host. An increase in cytokines/chemokines
and neutrophil influx in combination with other factors gives rise to exacerbation.

allergens prior to inoculation of RV, the onset of symptoms was delayed with
less severe responses [19]. In addition, Murray et al. [26] found that the com-
bination of virus detection and sensitization with high allergen exposure in
children substantially increased the risk of hospitalization compared with virus
detection or sensitization and allergen exposure alone (OR 19.4, 3.7-101.5;
p < 0.001). In a case control study of 60 adult hospitalized patients, it was
found that being sensitized and exposed to allergens was an independent risk
factor for being admitted to the hospital (OR 2.3) [27]. However, the combina-
tion of sensitization, high exposure and viral detection considerably increased
the risk of being admitted to the hospital with asthma (OR 8.4, 2.1-32.8) [27].
Therefore, it appears that RV and allergen-specific responses act together.
This relationship may be stronger when RV infection occurs prior to allergen
challenge.
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Conclusion

RV is a frequent and important contributor to exacerbations of asthma. It

has been through studies of experimental models of infection that the role of RV
in asthma exacerbation has been clarified. By its immune response to virus and
generation of mediators, it has become clear that the epithelial cell has a promi-
nent role in the immune response, which then furthers inflammation, leading to
the constellation of chest symptoms and airway obstruction. Ongoing studies
will continue to further the understanding of the immunopathogenesis of viral-
induced asthma, and will help contribute to future treatments of the most com-
mon cause of exacerbations.
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Abstract

Allergen challenge by inhalation is a very useful clinical and research tool for evaluat-
ing allergic airway disease. Inhalation of allergen leads to cross-linking of allergen-specific
IgE bound to IgE receptors on mast cells and basophils. This is followed by activation of
secretory pathways to release preformed and newly generated mediators of bronchoconstric-
tion and vascular permeability. The onset of bronchoconstriction, representing the early
phase of the asthmatic response, can be detected within 10 min of the inhalation, reaches a
maximum within 30 min, and resolves within 3 h. The late-phase asthmatic response starts
between 4 and 8 h, and is characterized by cellular inflammation of the airway, increased
bronchiovascular permeability, and mucus secretion. The late-phase asthmatic response is
also associated with increased airway responsiveness to nonallergic stimuli. Approximately
half of the allergic asthmatic patients develop a late-phase response after allergen inhalation
challenge. There has been a tremendous interest in trying to understand the differences
between the pathways leading to the dual response and those leading to the early response
alone. The current hypotheses are discussed in this chapter. Our understanding of the allergen
inhalation challenge model and the complex interplay between leukocytes, tissue and inflam-
matory mediators will doubtlessly help to define novel and relevant targets for new drugs for
the treatment of allergic asthma.

Copyright © 2007 S. Karger AG, Basel

Methodology

Allergen challenge is a very useful clinical and research tool for evaluating
allergic disease. Allergen can be administered by the inhaled, nasal or cuta-
neous route, providing a means to confirm an allergic status, investigate the
mechanisms of allergic disease, or evaluate the efficacy of allergy therapy. This
chapter will describe the methodology of the allergen inhalation challenge
(AIC) model in subjects with allergic asthma, summarize the complex cellular



mechanisms involved in the development of allergen-induced airway responses,
and review the effects of commonly used asthma therapies on these airway
events.

Although it is usually well tolerated, controlled AIC may induce dangerous
side effects and must therefore be carried out with caution. AIC can induce ana-
phylaxis and severe acute bronchoconstriction, as well as exacerbation of
asthma, with recurrent nocturnal symptoms lasting for several days. The degree
of bronchial hyperresponsiveness to nonallergic stimuli such as histamine and
methacholine, and the circulating levels of specific IgE levels are the main
determinants of early-phase bronchial responsiveness to allergen [1, 2]. Thus,
the allergen-induced early asthmatic response can be accurately predicted using
the histamine PC,, [defined as the concentration causing a 20% fall of the
forced expiratory volume in 1 s (FEV))], and a skin test endpoint [2]. A recent
review of the relationship between allergen PC,,, the methacholine PC,,, and
the skin test endpoint showed that histamine and methacholine-based formulae
both predicted allergen PC,, within 3 doubling concentrations in over 92% of
the subjects studied [3].

Methods of allergen inhalation have not been uniform across research lab-
oratories. One commonly used method uses tidal breathing of doubling concen-
trations of allergen from a Wright nebulizer [4]. The starting concentration is
chosen from the results of a methacholine challenge test and skin prick tests of
increasing concentrations of allergen extracts; the lowest concentration of aller-
gen causing a 2-mm skin wheal and the methacholine PC,, is determined to cal-
culate the starting concentration of inhaled allergen. Other laboratories deliver
cumulative allergen inhalations from a dosimeter [5]. Although single allergen
dose challenges can also achieve the desired responses [6], safety concerns sup-
port a step-wise approach where the response to allergen can be monitored
between increasing doses.

With any of these methodologies used to deliver allergen, AIC induces
bronchoconstriction with acute onset within 10 min of the inhalation, reaches a
maximum within 30 min, and resolves back to baseline within 3 h. This bron-
choconstrictor response is called the early-phase asthmatic response, and is
considered to be positive if the FEV falls by 15-20% from preinhalation base-
line. Some of the patients who develop an early-phase asthmatic response to
AIC also develop a late-phase asthmatic response, which can be measured by a
fall in FEV, of at least 15% from preinhalation baseline, starting 4-8 h after
challenge. The prevalence of the late-phase asthmatic response in adults who
had developed an early-phase response after inhalation of ragweed pollen
extract is approximately 50% [7, 8], and this holds true for other allergen
extracts including house dust and cat dander. Notably, the late-phase asthmatic
response causes a more prominent and sustained increase in bronchospasm than
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the early-phase asthmatic response, and is associated with airway hyperrespon-
siveness to nonallergic stimuli such as histamine and methacholine.

Local airway challenge has also been safely performed in subjects with
asthma by direct instillation of challenge solution to the selected segmental air-
ways using a bronchoscope. Subjects are typically pretreated with nebulized
salbutamol, atropine and midazolam. In addition, oxygen is delivered via nasal
cannulae throughout the procedure and oxygen saturation and heart rate are
monitored for safety purposes. The allergen extract used for segmental allergen
challenge is that causing the largest wheal response on skin prick testing, and
the concentration used for the endobronchial challenge is one tenth of that
which elicited a skin wheal with a diameter of 3 mm during a skin wheal dose-
response series. This method is particularly useful for assessing inflammation
in restricted areas of the airway, but cannot be used to assess the early asthmatic
response and late asthmatic response accurately due to the invasive nature of the
procedure.

Mechanisms of the Early-Phase Asthmatic Response

Initiation of the acute allergen-induced bronchoconstriction phase requires
circulating IgE to inhaled allergens, such as dust mite or pollen proteins.
Inhalation of allergen leads to interaction of the allergenic epitopes with mast
cell or basophil-bound allergen-specific IgE, resulting in cross-linking of IgE
receptors. The signals induced by cross-linking result in activation of secretory
pathways to release both preformed and newly generated mediators of bron-
choconstriction and vascular permeability, including histamine, leukotrienes
C4/DA4, prostaglandin D,, and platelet-activating factor, as well as of a wide
array of cytokines and chemokines (fig. 1).

The cysteinyl leukotrienes (CysLTs), LTC,, LTD, and LTE,, are potent
mediators of bronchoconstriction [9], and are released by resident mast cell and
basophils into the airways after AIC [10]. Urinary LTE, excretion is a good
marker of the rate of total body production of CysLTs, and therefore elevated
urinary LTE, levels are found in subjects who develop an early asthmatic
response [11]. CysLTs are believed responsible for most of the bronchocon-
striction measured during the early asthmatic response. This has been con-
firmed experimentally by blocking the response with CysLTs receptor
antagonists (LTRA) [12] or CysLTs synthesis inhibitors [13]. Histamine also
contributes to bronchoconstriction during the early-phase asthmatic response,
as shown by superior protection or by combination of LTRA and antihistamine
treatment [14]. Left untreated, the early-phase asthmatic response resolves
within 2 h of onset.
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Fig. 1. Interactions between leukocytes, tissue and cell mediators. Allergen cross-links
IgE receptors on mast cells and basophils, inducing release of pre-formed and newly synthe-
sized mediators. Dendritic cells capture antigen and present to T lymphocytes, which clonally
expand and release Th2 cytokines. Eosinophils and basophils are activated by cytokines such as
IL-5 and attracted by chemokines such as eotaxin. ECP = Eosinophilic cationic protein.

Mechanisms of the Late-Phase Asthmatic Response

During the late-phase asthmatic response, mediators thought to originate
from mast cells can also be measured at levels similar to those observed during
the early-phase response [11, 15]. This suggests that a second phase of mediator
release occurs during the late-phase response, which may drive the develop-
ment of a second response. However, unlike the early-phase asthmatic response,
the effects of mediator release are not likely to act upon smooth muscle alone.
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This is because the late-phase asthmatic response is very prolonged and is not
readily reversed by inhaled bronchodilators acting on smooth muscle B-adrenergic
receptors ([-agonists) or muscarinic receptors (anticholinergics). The idea
therefore developed that the late-phase asthmatic response is caused by an
inflammatory response in the airways, and that it is associated with other causes
of reduced airflow, including mucosal edema and secretions. The second phase
of mediator release from IgE-bearing cells leads to attraction of inflammatory
cells into the airways.

Morphologically, the late-phase asthmatic response is characterized by cellu-
lar inflammation of the airway, increased bronchovascular permeability, and
increased mucus secretion. The airway cellular infiltrate various leukocytes,
including eosinophils, mast cells, basophils, and T lymphocytes [16—19]. The air-
way inflammation associated with allergic asthma is initiated through a complex
interaction of antigen-presenting cells and T lymphocytes resulting in the release
of a cascade of cytokines and chemokines regulating the progress of the allergic
inflammatory response (fig. 1).

Eosinophils are believed to be critical proinflammatory cells in
airway mucosal damage in asthma. AIC in atopic asthmatic subjects is
associated with recruitment and activation of eosinophils in the airways.
Once activated, eosinophils release toxic products, including eosinophil cationic
protein, able to damage bronchial structures and to increase bronchial hyper-
responsiveness.

The correlation between eosinophil numbers and CysLT concentrations
after allergen challenge is consistent with these cells being a principal source of
CysLTs within the airways during and after the late-phase asthmatic response.
Eosinophil activation, as assessed by secretion of eosinophil cationic protein,
and granulocyte/macrophage colony-stimulating factor (GM-CSF) levels are
significantly increased in bronchoalveolar lavage fluid and cells, consistent
with the hypothesis that eosinophils, regulated by GM-CSE, contribute to allergen-
induced decreases in airway function [20].

Allergen-induced increases in sputum eosinophils are associated with the
presence of cytokines and chemokines specifically involved in activation and
chemotaxis of eosinophils [17]. Eotaxin is a C-C chemokine with selective activ-
ity for eosinophils and basophils. Allergen-induced increases in eotaxin-positive
cells are correlated with increases in eosinophils suggesting that eotaxin may con-
tribute to allergen-induced recruitment of eosinophils to the airway in asthmatic
subjects [21]. Increases in activated T lymphocytes, eosinophils, and elevation of
the mRNA expression of interleukin-5 (IL-5) and GM-CSF in bronchial biopsies
after AIC in atopic asthmatics support the view that cytokines/chemokines possi-
bly released by activated T lymphocytes may contribute to local eosinophil accu-
mulation during allergen-induced asthmatic responses [22].
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Mast cells and basophils have also been implicated in the late-phase asth-
matic response. The ratio of degranulating to granulated mast cells in airway
biopsy tissue is higher in subjects with a late-phase response as compared to
subjects without a late-phase response, and the number of mast cells signifi-
cantly correlates with the severity of the late-phase response [23]. Similarly, the
number of sputum basophils measured 24 h after AIC is weakly correlated with
the late-phase asthmatic response [18]. This suggests that secretion of pro-
inflammatory mediators including histamine and CysLTs by mast cells and
basophils, as well as secretion of large amounts of IL-4 and IL-13 by basophils
following IgE-mediated activation, may contribute to the observed physiologi-
cal changes in the airways.

T lymphocytes have been identified as a key factor for the development of
the late-phase asthmatic response. After AIC, T lymphocytes have been shown
to be clonally expanded in the lower respiratory tract, demonstrating the inhala-
tion of sensitizing allergens can recruit allergen-specific T cell clones to the
lung [24]. Furthermore, cytokines produced by activated Th2-type CD4+
T cells in the airway, such as IL-4 and IL-5, may contribute to late asthmatic
responses by mechanisms that include eosinophil accumulation [25].

Following AIC, the development of late-phase asthmatic responses typically
occur following IgE-mediated early-phase asthmatic responses. However, late-
phase asthmatic responses can also be generated independent of IgE following
intradermal or inhaled administration of allergen-derived T cell peptide epitopes.
Late-phase asthmatic response occurring without a proceeding early-phase asth-
matic response supports the view that inhalation of allergen-derived T cell peptide
epitopes can elicit an isolated late-phase response in sensitized subjects by an
IgE-independent mechanism. The resulting airway inflammation measured is
similar to that following inhalation of allergen extracts, and suggests that peptide-
and whole allergen-induced late-phase asthmatic responses share a common
mechanism associated with increases in CysLTs and the infiltration of inflamma-
tory cells [26].

Nonspecific Airway Hyperresponsiveness

The increase in nonspecific airway hyperresponsiveness that is associated
with the late-phase asthmatic response has been of particular interest in the litera-
ture. This was investigated in the context of AIC, following Dr. Altounyan’s obser-
vation that patients with asthma showed increases in airway responsiveness also to
stimuli other than the allergen itself, at the times of natural allergen exposure dur-
ing pollen season. It was found that large changes in airway responsiveness can
occur for a prolonged period of time in patients with asthma who underwent
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AIC [27]. Further investigations have shown that bronchial responsiveness to
inhaled histamine and methacholine can be observed as early as several hours after
AIC. Although the etiology of this phenomenon is unclear, increased neural activ-
ity was thought to be involved since allergen also induces increases in airway
responsiveness to the mast cell stimulus adenosine 5’'-monophosphate. However,
since there is no change in responsiveness to sodium metabisulphite, an indirect
neural stimulus with similar characteristics to bradykinin [28], activation of airway
sensory nerves is unlikely to contribute to the increase in airway responsiveness
following inhalation of allergen.

Several cell types that accumulate in the allergen-challenged airway may
play a role in the development of airway hyperresponsiveness. A weak positive
correlation is demonstrated between airway eosinophil [29] and basophil [18]
percentages, and increased nonallergic bronchial reactivity observed after aller-
gen challenge. This suggests that accumulation of allergen-induced migratory
cells may be partially associated with the degree of airway hyperresponsiveness.

Isolated Early Responders and Dual Responders

Several independent laboratories have reported that approximately half of
the allergic asthmatic patients develop a late-phase response after AIC [4, 7,
8, 30]. There has been a tremendous interest in trying to understand the differ-
ences between the isolated early responders and dual responders. Separating the
mechanisms of individual responses could provide useful information for phar-
macological management of these patients. To date, several differences have
been reported between the two phenotypes.

Examination of the airways has confirmed that those who develop a late-
phase asthmatic response also have higher levels of inflammatory infiltrate, as
well as a more pronounced degree of airway hyperresponsiveness [18]. The devel-
opment of a late-phase asthmatic response is associated with an early recruitment
of eosinophils and epithelial desquamation in the airways. The different time
course of allergen-induced airway inflammation between allergen-induced early
and dual responders may also reflect the induction of CD4+ T lymphocytes
expressing 1L-10 in early but not dual responders [31]. In addition, it has been
noted that after AIC, CD4+ and CD8+ IFN-y-positive cells in peripheral blood
significantly decrease in dual responders, whereas these cell types, along with
IL-12-positive cells significantly increase in the airways of isolated early respon-
ders [32]. Therefore differences in activation of T lymphocytes could be crucial
for the development of isolated early responses and dual responses.

Another aspect of allergic inflammatory responses is the induction of inflam-
matory progenitor cells, which contribute to disease through the continued
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Fig. 2. Allergen-induced signals from the airway stimulate the release of
eosinophil/basophil progenitor cells, and induce the expression of receptors for eotaxin and
IL-5. T lymphocytes migrate to the bone marrow and produce increased amounts of IL-5.

production of inflammatory effector cells. In dual responders, there is a signifi-
cant increase in the numbers of eosinophil/basophil colony-forming units in the
bone marrow 24 h after an allergen challenge as well as increased responsiveness
of these cells to IL-5, a cytokine specifically involved in eosinophil growth and
maturation. This is not observed in those with only an isolated early response
after allergen inhalation [33, 34]. Furthermore, dual responders have more IL-3-
responsive progenitors detected as early as 5h after allergen inhalation, and
more IL-5-responsive progenitor cells were detected at 12 and 24 h after AIC.
Again, these changes are not detected in isolated early responders. This suggests
that there is allergen-induced activation of an eosinophilopoietic process that is
rapid and sustained in dual responders. Inhaled allergen also causes trafficking
of T lymphocytes to the bone marrow in subjects who develop late-phase asth-
matic responses, and there is a significant increase in the ability of bone marrow
cells, particularly T lymphocytes, to produce IL-5 [35]. The relationship between
increased bone marrow IL-5 levels and increased eosinophil production reflects
time-dependent changes in cytokine levels in the bone marrow, which controls
the differentiation of eosinophil/basophil progenitors (fig. 2).

Other investigators have focused on the concentrations of allergen extracts
which elicit a response. Subjects in whom the early reaction was induced by a
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Fig. 3. Increasing concentrations of allergen inhaled into the airway may be required
for the generation of the late-phase asthmatic response.

low dose of inhaled antigen were found to be more likely to develop a late
response, and it can be concluded that the occurrence of a late-phase asthmatic
response probably depends on the dose of allergen administered but is indepen-
dent of the degree of nonspecific bronchial responsiveness to methacholine
prior to the challenge [30, 36]. Furthermore, when subjects are pretreated with
antihistamine to allow a greater dose of inhaled allergen, it is possible to induce
a late asthmatic response in subjects who previously demonstrated only an early
response [37]. A scenario follows whereby exceeding a threshold dose of aller-
gen activates other cell types, probably dendritic cells and T lymphocytes,
thereby driving the late-phase asthmatic response (fig. 3).

Allergen Inhalation Challenge for Testing Drug Efficacy

AIC are most commonly used as an investigative tool to study the patho-
physiology of asthma and possible blocking effects of immunotherapy. When a
new pharmaceutical agent is studied, its ability to block the early- and late-
phase asthmatic responses and subsequent hyperresponsiveness is presumptive
evidence for effectiveness. Within this study design, the same individuals are
challenged with exactly the same dose of allergen after receiving treatment with
the test drug, and after receiving treatment with placebo. The endpoint mea-
surements in such studies are the maximum early and late percent decreases in the
FEV |, and the areas under the curve for the early response (0—2 h postchallenge)
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and the late response (3—7h postchallenge). The reproducibility of measure-
ments is such that fewer than 8 subjects are required to show 50% attenuation of
either the early or late response, with a 90% power [38]. The reproducibility of
allergen-induced sputum eosinophils has also been investigated. With a ran-
domized crossover study design, the sample size predicted to be necessary to
observe 50% attenuation of allergen-induced percent of eosinophils with a
power of 0.95 was less than 10 subjects [39]. In terms of the late-phase asth-
matic response, the AIC is also able to differentiate a single dose of an active
inhaled corticosteroid from placebo and a highly potent inhaled corticosteroid
from a weak inhaled corticosteroid [40], making this a very robust model for
testing asthma therapies.

Conclusions

Since the early studies with careful documentation of the early- and late-
phase asthmatic responses to AIC, much has been learned about the clinical sig-
nificance of exposure to a sensitizing allergen. The inhaled allergen challenge
model will likely continue to be extensively employed for studying the patho-
genesis of airway inflammation, and for assessment of new therapeutics in early
clinical proof-of-concept studies. Our evolving understanding of the AIC model
and the complex interplay between leukocytes, tissue and inflammatory media-
tors will doubtlessly help to define novel and relevant targets for the treatment
of allergic asthma.

References

1 van der Veen MJ, Lopuhaa CE, Aalberse RC, Jansen HM, van der Zee JS: Bronchial allergen chal-
lenge with isolated major allergens of Dermatophagoides pteronyssinus: the role of patient char-
acteristics in the early asthmatic response. J Allergy Clin Immunol 1998;102:24-31.

2 Cockcroft DW, Murdock KY, Kirby J, Hargreave F: Prediction of airway responsiveness to aller-
gen from skin sensitivity to allergen and airway responsiveness to histamine. Am Rev Respir Dis
1987;135:264-267.

3 Cockcroft DW, Davis BE, Boulet LP, Deschesnes F, Gauvreau GM, O’Byrne PM, Watson RM:
The links between allergen skin test sensitivity, airway responsiveness and airway response to
allergen. Allergy 2005;60:56-59.

4 O’Byrne PM, Dolovich J, Hargreave FE: Late asthmatic responses. Am Rev Respir Dis
1987;136:740-751.

5 Frolund L, Svendsen UG, Nielsen NH, Weeke B, Madsen F: Bronchial allergen challenge: com-
parison between two different methods of provocation. Clin Allergy 1987;17:439-448.

6 Tamura G, Mue S, Ishihara T, Takishima T: The single exposure method for inhalation challenge
with allergen. J Allergy Clin Immunol 1985;75:47-54.

7 Robertson DG, Kerigan AT, Hargreave FE, Chalmers R, Dolovich J: Late asthmatic responses
induced by ragweed pollen allergen. J Allergy Clin Immunol 1974;54:244-254.

Gauvreau/Evans 30



12

16

17

18

19

20

21

22

23

24

25

26

Booij-Noord H, de Vries K, Sluiter HJ, Orie NG: Late bronchial obstructive reaction to experi-
mental inhalation of house dust extract. Clin Allergy 1972;2:43-61.

Dahlen SE, Hedqvist P, Hammarstrom S, Samuelsson B: Leukotrienes are potent constrictors of
human bronchi. Nature 1980;288:484—486.

Wenzel SE, Westcott JY, Larsen GL: Bronchoalveolar lavage fluid mediator levels 5 minutes after
allergen challenge in atopic subjects with asthma: relationship to the development of late asth-
matic responses. J Allergy Clin Immunol 1991;87:540-548.

Manning PJ, Rokach J, Malo JL, Ethier D, Cartier A, Girard Y, Charleson S, O’Byrne PM: Urinary
leukotriene E4 levels during early and late asthmatic responses. J Allergy Clin Immunol 1990;86:
211-220.

Hamilton A, Faiferman I, Stober P, Watson RM, O’Byrne PM: Pranlukast, a cysteinyl leuko-
triene receptor antagonist, attenuates allergen-induced early- and late-phase bronchoconstriction
and airway hyperresponsiveness in asthmatic subjects. J Allergy Clin Immunol 1998;102:
177-183.

Hamilton AL, Watson RM, Wyile G, O’Byrne PM: Attenuation of early and late phase allergen-
induced bronchoconstriction in asthmatic subjects by a 5-lipoxygenase activating protein antago-
nist, BAYx 1005. Thorax 1997;52:348-354.

Davis BE, Todd DC, Cockcroft DW: Effect of combined montelukast and desloratadine on the
early asthmatic response to inhaled allergen. J Allergy Clin Immunol 2005;116:768-772.
O’Sullivan S, Roquet A, Dahlen B, Dahlen S, Kumlin M: Urinary excretion of inflammatory
mediators during allergen-induced early and late phase asthmatic reactions. Clin Exp Allergy
1998;28:1332-1339.

Rossi GA, Crimi E, Lantero S, Gianiorio P, Oddera S, Crimi P, Brusasco V: Late-phase asthmatic
reaction to inhaled allergen is associated with early recruitment of eosinophils in the airways. Am
Rev Respir Dis 1991;144:379-383.

Gauvreau GM, Watson RM, O’Byrne PM: Kinetics of allergen-induced airway eosinophilic
cytokine production and airway inflammation. Am J Respir Crit Care Med 1999;160:640-647.
Gauvreau GM, Lee JM, Watson RM, Irani AM, Schwartz LB, O’Byrne PM: Increased numbers of
both airway basophils and mast cells in sputum after allergen inhalation challenge of atopic asth-
matics. Am J Respir Crit Care Med 2000;161:1473-1478.

Burastero SE, Crimi E, Balbo A, Vavassori M, Borgonovo B, Gaffi D, Frittoli E, Casorati G, Rossi GA:
Oligoclonality of lung T lymphocytes following exposure to allergen in asthma. J Immunol 1995;
155:5836-5846.

Woolley KL, Adelroth E, Woolley MJ, Ellis R, Jordana M, O’Byrne PM: Effects of allergen chal-
lenge on eosinophils, eosinophil cationic protein, and granulocyte-macrophage colony-stimulating
factor in mild asthma. Am J Respir Crit Care Med 1995;151:1915-1924.

Zeibecoglou K, Macfarlane AJ, Ying S, Meng Q, Pavord I, Barnes NC, Robinson DS, Kay AB:
Increases in eotaxin-positive cells in induced sputum from atopic asthmatic subjects after inhala-
tional allergen challenge. Allergy 1999;54:730-735.

Bentley AM, Meng Q, Robinson DS, Hamid Q, Kay AB, Durham SR: Increases in activated
T lymphocytes, eosinophils, and cytokine mRNA expression for interleukin-5 and granulocyte/
macrophage colony-stimulating factor in bronchial biopsies after allergen inhalation challenge in
atopic asthmatics. Am J Respir Cell Mol Biol 1993;8:35-42.

Crimi E, Chiaramondia M, Milanese M, Rossi GA, Brusasco V: Increased numbers of mast cells
in bronchial mucosa after the late-phase asthmatic response to allergen. Am Rev Respir Dis
1991;144:1282-1286.

Borgonovo B, Casorati G, Frittoli E, Gaffi D, Crimi E, Burastero SE: Recruitment of circulating
allergen-specific T lymphocytes to the lung on allergen challenge in asthma. J Allergy Clin
Immunol 1997;100:669-678.

Robinson D, Hamid Q, Bentley A, Ying S, Kay AB, Durham SR: Activation of CD4+ T cells,
increased TH2-type cytokine mRNA expression, and eosinophil recruitment in bronchoalveolar
lavage after allergen inhalation challenge in patients with atopic asthma. J Allergy Clin Immunol
1993;92:313-324.

Ali FR, Oldfield WL, Higashi N, Larche M, Kay AB: Late asthmatic reactions induced by inhala-
tion of allergen-derived T cell peptides. Am J Respir Crit Care Med 2004;169:20-26.

Allergen Inhalation Challenge 31



27

28

29

30

31

32

33

34

35

36

37

38

39

40

Cockcroft DW, Ruffin RE, Dolovich J, Hargreave FE: Allergen-induced increase in non-allergic
bronchial reactivity. Clin Allergy 1977;7:503-513.

Evans DJ, Coulby LJ, O’Connor BJ: Effect of allergen challenge on airway responsiveness to his-
tamine and sodium metabisulphite in mild asthma. Thorax 1996;51:1185-1191.

Oddera S, Silvestri M, Penna R, Galeazzi G, Crimi E, Rossi GA: Airway eosinophilic inflamma-
tion and bronchial hyperresponsiveness after allergen inhalation challenge in asthma. Lung
1998;176:237-247.

Maclntyre D, Boyd G: Factors influencing the occurrence of a late reaction to allergen challenge
in atopic asthmatics. Clin Allergy 1984;14:311-317.

Matsumoto K, Gauvreau GM, Rerecich T, Watson RM, Wood LJ, O’Byrne PM: IL-10 production
in circulating T cells differs between allergen-induced isolated early and dual asthmatic respon-
ders. J Allergy Clin Immunol 2002;109:281-286.

Yoshida M, Watson RM, Rerecich T, O’Byrne PM: Different profiles of T-cell IFN-gamma and
IL-12 in allergen-induced early and dual responders with asthma. J Allergy Clin Immunol
2005;115:1004-1009.

Sehmi R, Wood LJ, Watson R, Foley R, Hamid Q, O’Byrne PM, Denburg JA: Allergen-induced
increases in IL-5 receptor alpha-subunit expression on bone marrow-derived CD34+ cells from
asthmatic subjects. A novel marker of progenitor cell commitment towards eosinophilic differenti-
ation. J Clin Invest 1997;100:2466-2475.

Dorman SC, Sehmi R, Gauvreau GM, Watson RM, Foley R, Jones GL, Denburg JA, Inman MD,
O’Byrne PM: Kinetics of bone marrow eosinophilopoiesis and associated cytokines after allergen
inhalation. Am J Respir Crit Care Med 2004;169:565-572.

Wood LJ, Sehmi R, Dorman S, Hamid Q, Tulic MK, Watson RM, Foley R, Wasi P, Denburg JA,
Gauvreau G, O’Byrne PM: Allergen-induced increases in bone marrow T lymphocytes and
interleukin-5 expression in subjects with asthma. Am J Respir Crit Care Med 2002;166:883—-889.
Machado L, Stalenheim G: Factors influencing the occurrence of late bronchial reactions after
allergen challenge. Allergy 1990;45:268-274.

Lai CK, Beasley R, Holgate ST: The effect of an increase in inhaled allergen dose after terfenadine
on the occurrence and magnitude of the late asthmatic response. Clin Exp Allergy 1989;19:
209-216.

Inman MD, Watson R, Cockcroft DW, Wong BJ, Hargreave FE, O’Byrne PM: Reproducibility of
allergen-induced early and late asthmatic responses. J Allergy Clin Immunol 1995;95:1191-1195.
Gauvreau GM, Watson RM, Rerecich TJ, Baswick E, Inman MD, O’Byrne PM: Repeatability of
allergen-induced airway inflammation. J Allergy Clin Immunol 1999;104:66-71.

Inman MD, Watson RM, Rerecich T, Gauvreau GM, Lutsky BN, Stryszak P, O’Byrne PM: Dose-
dependent effects of inhaled mometasone furoate on airway function and inflammation after aller-
gen inhalation challenge. Am J Respir Crit Care Med 2001;164:569-574.

Dr. Gail Gauvreau

Health Sciences Center, Room 3U25, McMaster University

1200 Main St West

Hamilton, ON L8N 3Z5 (Canada)

Tel. +1 905 525 9140, ext. 22791, Fax +1 905 528 1807, E-Mail gauvreau@mcmaster.ca

Gauvreau/Evans 32



Animal Asthma Models

Sjobring U, Taylor JD (eds): Models of Exacerbations in Asthma and COPD.
Contrib Microbiol. Basel, Karger, 2007, vol 14, pp 33-41

@eccccccccccccccccccccccoe

Cellular and Animals Models for
Rhinovirus Infection in Asthma

Maria Xatzipsalti, Nikolaos G. Papadopoulos

Allergy Department, 2nd Pediatric Clinic, University of Athens, Athens, Greece

Abstract

Human rhinoviruses (RVs) are responsible for the majority of upper respiratory tract infec-
tions. Despite the high prevalence, the pathogenesis is incompletely understood. Experimental
models would permit study of the immunological response to infections. Animal models have
many limitations because of the anatomic and physiological differences between mammalian
species. The only nonhuman animals susceptible to RV are chimpanzees and gibbons. Mouse
models are not used because of host cell tropism of RV. This problem may have been partially
overcome by transfecting mouse cells with viral RNA, by replacing mouse ICAM-1 with the
human counterpart and by using a variant virus. It remains to be seen if these advances will
translate into establishment of useful mouse models. In the absence of animal models, epithelial
cell lines such as BEAS-2B, A549, 16HBE and HEp-2 have been used. Fibroblasts and smooth
muscle cells have also been used. Although transformed cell lines have many properties in com-
mon with normal epithelial cells, they lose certain differentiated functions. Therefore, primary
and recently well-differentiated cultures are used to study the immune response. In addition to a
local inflammatory response, a systemic immune response to RV does develop; therefore
peripheral blood mononuclear cells and dendritic cells have been infected with RV, shedding
additional light on cell-mediated immunity. Cellular models are invaluable investigational tools
for understanding mechanisms of RV-induced asthma and evaluating new targets for therapy.

Copyright © 2007 S. Karger AG, Basel

Introduction

Human rhinoviruses (RVs) are responsible for the majority of upper respi-
ratory tract infections (common cold). These infections are generally mild in
healthy populations but pose a serious health risk for patients with chronic res-
piratory diseases. The common cold is implicated in approximately half of the
asthma attacks in adults [1] and in 80-85% of asthma exacerbations in children
[2]. Therefore, the overall morbidity and economic burden attributable to RV is



considerable. Despite the high prevalence of RV infections, the pathogenesis of
the subsequent disease process is incompletely understood. Several lines of evi-
dence indicate that production of mediators, recruitment of cells and changes in
the biochemistry of cells during infection are of importance, and therefore the
understanding of the events involved in the pathogenesis of RV infections is
crucial for the development of improved therapeutic approaches.

The design of therapeutically useful antiviral drugs is currently hampered by
our limited knowledge of the cellular and molecular mechanisms of RV infec-
tions. Valid experimental models would permit studies of the immunological
response to infections and perhaps determine the key mediators of the disease,
identifying new therapeutic targets. A model of asthma exacerbation in humans
has already been developed on the basis of experimental RV infection, as
described in a separate chapter. Although ideal, in that its results are more or less
directly applicable to human disease, the human model is hampered by its inher-
ent practical difficulty as well as limitations in the extent of possible interven-
tions. On the other hand, animal models have a number of limitations because of
their anatomic and physiological differences in the respiratory tract of different
mammalian species. Up to now, the development of cellular models has therefore
been of considerable importance in increasing our understanding of the disease.

Animal Models

The only nonhuman animals susceptible to RV and that have been consid-
ered as models are the chimpanzee and the gibbon. In 1972, gibbons and chim-
panzees were experimentally infected with RV in order to test the antiviral effect
of orally administered drugs (triazinoindole and bis-benzimidazoles). RV was iso-
lated in throat swabs from infected animals and serum antiviral titers were mea-
sured postinfection for correlation with the virus isolation data. Nevertheless,
these animal models are impractical, as they are costly and difficult to work with
and they were therefore not used for many years. However, recently the chim-
panzee model was used to demonstrate the in vivo efficacy of tICAM453, a trun-
cated, soluble form of intercellular adhesion molecule-1 (ICAM-1). tICAM453
was known to be a potent inhibitor of RV in vitro and using this animal model
the investigators demonstrated that the intranasal application of tICAM453 was
efficient in preventing RV infection in chimpanzees [3].

Attempts to design murine models of RV infection were never abandoned.
The major obstacle to the development of mouse models is the host cell tropism
of RV. Approximately 10% of RV serotypes can use both the human and mouse
forms of low-density lipoprotein receptor, and a mouse model capitalizing on
this fact was established [4]. However, the remaining 90% of RV use human
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ICAM-1 to attach and enter the cells. These viruses do not bind to mouse
ICAM-1 and therefore infection of mice or of mouse bronchial epithelial cells
with the major RV variants is not possible. This problem can be overcome by
transfecting mouse cells with viral RNA [5]. Mouse 1 and 2 domains of [CAM-1
(chimerical ICAM-1), known to be involved in RV binding, were replaced with
the equivalent human domains. When cells expressing this chimerical construct
were inoculated with RV16, infection and virus replication occurred, as evi-
denced by the appearance of cytopathic effect following infection, and increas-
ing virus titers. Using this cellular model it was also demonstrated that
respiratory epithelial cells of both human and mouse species have similar
capacity to support replication of RV. It remains to be established whether
humanized transgenic mice expressing these chimerical receptors on bronchial
epithelial cells will allow RV infection similar to that seen in humans.

Other investigators have found that virus replication may be dependent on
a species-specific cellular mechanism. Thus a variant virus, 16/L, was isolated
after alternate passage of RV16 between human HelLa cells and ICAM-1
expressing mouse L cells and was demonstrated to produce higher levels of
infection in mouse cells [5, 6]. The variant obtained in this manner had three
amino acid changes identified in the protein 2C, a protein that influences mem-
brane vesicle trafficking, membrane permeability and viral RNA replication.
Another report using the same passage techniques described that simultaneous
changes in the 2B and 3A proteins, involved in RV replication, conferred the
ability of a serotype 39 strain to replicate efficiently in mouse cells [7].
Identification of RV isolates displaying a broader host range may facilitate the
investigation of cellular proteins required for efficient viral growth and the
development of a murine model of RV infections [5].

Recently, low but existent viral replication as well as inflammatory events
similar to those seen in humans were observed in a murine model [Johnston,
pers. commun.]. The detailed results from this model are awaited.

In vitro Models

Respiratory epithelial cells are the primary sites of RV infections in
humans. In the absence of appropriate animal models of RV infection, investi-
gators have used epithelial cell lines to study the mechanisms of RV-induced
exacerbations of asthma. A transformed continuous cell line, BEAS-2B cells,
derived from normal human bronchial epithelial cells after transfection with an
adenovirus 12-SV40 hybrid virus, was among the first in which RV infection
could be established [8]. Cells grown close to confluence are exposed to RV at
appropriate concentrations. They are then incubated for some time, with
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constant motion (rotating wall vessel culture or gentle shaking) at room tem-
perature. Virus particles are detected by exposing monolayers of HeLa cells in
96-well plates to serial 10-fold dilutions of virus-containing medium. The viral
shedding into the culture medium is assessed by the cytopathic effects of this
medium on HeLa cells. With the use of this model it was demonstrated that RV
is able to induce cytokine/chemokine secretion, including IL-8, IL-6 and GM-
CSF through NF-kB activation. These cytokines/chemokines have biological
properties that are of interest with respect of the pathogenesis of colds. IL-8 is a
potent chemoattractant and activator of neutrophils, IL-6 can induce B cell dif-
ferentiation and T cell activation and GM-CSF can prime both neutrophils and
eosinophils for enhanced activation to chemical stimuli [9]. In addition RV can
induce the expression of ICAM-1, which is not only the site of attachment for
the 90% of RVs but also plays a vital role in the recruitment and migration of
immune effector cells at the site of infection through the interaction with the
two [3, integrins, leukocyte function-associated antigen (LFA-1; CD11a/CD18)
and Mac-1 (CD11b/CD18). Pretreatment of cells with Th1 and Th2 cytokines
affects the expression of ICAM-1; this may account for the different frequency
of upper respiratory infections in healthy and asthmatic subjects. RV infection
of bronchial epithelium results also in inducing eosinophil recruitment [10],
probably through the production of the chemokines RANTES, MIP-la,
eotaxin, eotaxin-2, MCP-2, MCP-3 and MCP-4. Activation of p38 kinase was
shown recently to be a key event in the regulation of the virus-induced cytokine
transcription [11]. VCAM-1, an endothelial adhesion protein with a central role
in recruitment and activation of lymphocytes and eosinophils through interac-
tions with their 3, and/or B, integrins, is also induced by RV infection via NF-
kB- and GATA-mediated transcriptional upregulation [12].

Investigators have also used several other epithelial cell lines for studying
RV infections. A549 cells, derived from a human alveolar cell carcinoma with
properties of type II alveolar epithelial cells [13], I6HBE, an SV40 large T antigen-
transformed human airway epithelial cell line [14], and HEp-2 cells [15] are
widely used. In accordance with the findings in BEAS-2B cells, RV infection
causes a significant increase in cytokines and chemokines in these cell lines.

Although the bronchial epithelium forms a barrier between the airway
lumen and the underlying cells and is actively involved in the immune response
to RV through the production of a variety of immunomodulatory factors,
nonepithelial cells of mesenchymal origin may also play a major role. The pres-
ence of RV has been detected in subepithelial cells by in situ hybridization, sug-
gesting that the virus could spread to fibroblasts via infected epithelial cells and
therefore these cells may participate in the inflammatory response. Human fetal
lung fibroblasts (MRC-5 strain) were infected with RV, and the production of
inflammatory mediators was assessed. In these cells, RV was found to stimulate
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the production of the cytokines IL-6, IL-11, and VEGF and the chemokines IL-8,
ENA-78 and RANTES [16], but not eotaxin [17]. Whether the different
cytokine secretion patterns displayed by different cell types translate to a differ-
ential potential for cell recruitment in vivo is not known.

Human airway smooth muscle cells were also infected with RV. Previous
experiments were carried out using rabbit airway smooth muscle cells and cell
lines but very recently primary muscle cells (human cultured airway smooth
muscle cells, HASM) were isolated from bronchial tissues or lung tissues and
cultured according to standard methods. These cells were then infected with RV
and the proinflammatory cytokine response was measured. No differences were
seen in RV replication between cells from asthmatic patients and nonasthmatic
subjects, in contrast to the findings in normal bronchial epithelial cells (see
below). Furthermore, in contrast to epithelial cells RV-induced IL-6 was greater
in the asthmatic-derived HASM cells in comparison to cells derived from
nonasthmatic subjects. IL-8 secretion was induced only in asthmatics while
eotaxin was not found to be induced either in healthy or in asthmatic cells
[18, 19]. Taking into account that smooth muscle cells are further away from the
epithelial surface, the major infection site, the clinical relevance of these differ-
ences is difficult to interpret; nevertheless, it seems that a differential response
between cells from normal and atopic/asthmatic individuals extends to several
structural cell types. Whether this is an inherent defect of these cells or a result
of reprogramming through exposure to immune mediators is still unknown.

In addition to the local inflammatory response, it has been shown that a sys-
temic immune response to RV does develop. In order to model such a response,
peripheral blood mononuclear cells (PBMC) have been used. PBMC were
infected with RV leading to an increase in the expression of the early activation
marker CD69 on T cells. RV also induced the secretion of IFN-y from both
peripheral blood T cells and NK cells [20], as well as the production of IL-8 [21].
Exposure of PBMC from normal and atopic asthmatic subjects to RV resulted in
an upregulation of IFN-vy, IL-12, and IL-10 production in both groups although
the IFN-vy response was considerably lower in asthmatics [22]. Upregulation of
IL-4 was only seen in cells from asthmatics. Furthermore, the immune response
as measured by IFN-v and IL-5 secretion from infected PBMC from atopic asth-
matic patients before an experimentally induced cold was inversely correlated
with the viral shedding after inoculation [23], suggesting that variations in
mononuclear cell responses to RV could contribute to the individual variability
in viral shedding during RV infections in subjects with respiratory allergy or
asthma. The described abnormal immune response of atopic asthmatic individu-
als to RV was shown to influence the epithelial response to virus. In a more com-
plicated model, PBMCs were exposed to RV and the resulting supernatants,
containing a multitude of factors associated with the immune response to the
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virus, were used to treat epithelial cells before or during RV infection. When
such conditioned media from normal or atopic asthmatic individuals were used,
it was shown that in the ‘atopic environment’ epithelial inflammation was
reduced, while virus replication and the resulting epithelial cytotoxicity were
significantly increased (unpubl. data from our laboratory).

Antigen presentation and costimulation mediated by dendritic cells (DCs)
have also been studied. Monocytes stimulated by RV were shown to inhibit the
allostimulatory capacity of myeloid DCs, by producing large amounts of the
immunosuppressive IL-10 [24]. Recently, it was shown that DCs infected by RV
demonstrate a diminished T cell stimulatory capacity, inducing a deep anergic
state through two receptors B7-H1 and sialoadhesin (Sn) [25], shedding light
on novel features of cell-mediated immunity.

Although human epithelial cell lines share many properties in common
with normal epithelial cells, transformed cell lines may lose certain differenti-
ated functions, resulting in an altered response to RV infections. Therefore,
investigators examined whether primary cultures of epithelial cells can also be
infected with RV. Initially human tracheal epithelial cells, obtained 3—6 h after
death from patients, were used. RV infection was demonstrated by an increase of
the viral titer in supernatants and of viral RNA in the cell extract. RV infection
increased the production of cytokines such as IL-6 and IL-8 and upregulated the
expression of ICAM-1, as shown previously in cell lines. However, infection of
human tracheal epithelial cells with RV also caused increases in the production
of IL-1B and TNF-a, which differs from RV infection of BEAS-2B cells [8].
Human nasal epithelial cells (HNE) isolated from nasal tissues obtained from
patients undergoing ethmoidectomy or surgery for polyposis or turbinate hyper-
trophy have also been used. Although HNE cells represent the first site of RV
infections it has been shown recently that RV can replicate and infect the lower
airways [26] producing lower airway inflammation by increasing the neu-
trophils, T cells and eosinophils in bronchial lavage fluid [10] and enhancing
epithelial expression of intracellular adhesion molecules. For this reason, human
bronchial epithelial cells were also cultured either from surgical specimens of
human bronchi or from bronchial brushings. It was demonstrated that RV could
indeed replicate in these cells in vitro by the increase in RV titer and infection by
the cytopathic effect (increased granularity, cell rounding, and detachment) on
epithelial cells. Primary human lower airway cells produced a similar inflamma-
tory response after RV infection and reproduced the results of epithelial cell
lines, as they were able to produce increased amounts of IL-8, IL-6, RANTES,
ICAM-1, VCAM-1, VEGF [27, 28] and IP-10 [29] after RV infection.

Both primary cells and cell lines represent highly undifferentiated cells; for
example they generally do not form tight junctions. Therefore results obtained in
such cultures may not represent the in vivo situation. In an attempt to address
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this issue, cells form tracheas and nasal scrapings were grown under different
culture conditions to achieve a range of differentiation from a squamous to a
fully pseudostratified phenotype [30]. These cultures were then infected with RV
and their susceptibility was compared. The well-differentiated cells showed
increased resistance to RV; therefore higher multiplicity of infection and longer
infection time were used. RV infection had little effect on the levels of expres-
sion of RANTES, IL-6, IL-8, TNF-a or eotaxin-2 and eotaxin-3, in differenti-
ated cells in contrast to the increased expression shown in undifferentiated
cultures. In addition, no change in the expression of ICAM-1 was demonstrated
after RV infection in well-differentiated cells, in contrast to primary bronchial
epithelial cells, probably due to the existence of tight junctions [30]. Nevertheless,
the major antiviral systems, which are normally increased after RV infection,
were almost similar. RV induced IFN- secretion, in agreement with primary
epithelial cells [31] through the PKR-IFN-B3-JAK-STAT pathway.

Recent data from studies in cultured epithelial cells suggest that there are
fundamental differences in the response to RV infection such that viral RNA
expression and late virus release into supernatant were increased 50- and 7-fold,
respectively, in asthmatic cells compared with healthy controls. The difference
may be due to an impairment of virus-induced INF-B mRNA expression in
asthmatic cultures which produced >2.5 times less INF-f3 protein than cells
cultured from normal individuals [31]. In addition, in comparison with cells
from normals both primary bronchial epithelial cells and alveolar macrophages
from asthmatic individuals showed deficient induction of INF-\ by RV, and the
response was highly correlated with disease severity [32].

Conclusions

As RV are the major cause of asthma exacerbations a detailed understand-
ing of the molecular and cellular mechanisms of RV infection is required to
enable the development of novel measurements for prevention and treatment.
While an appropriate animal model of RV-induced asthma would greatly help in
this direction, cellular models are still invaluable investigational tools for both
understanding mechanisms and evaluating new targets for therapy.
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Abstract

House dust mite (HDM) is the most pervasive indoor aeroallergen source worldwide.
Allergens derived from HDM are associated with sensitization and allergic asthma. Allergic
asthma is an immunologically driven disease characterized by a Th2-polarized immune
response, eosinophilic inflammation, airway hyperreactivity, and remodeling. Animal mod-
els of asthma utilizing ovalbumin (OVA) exposure have afforded us considerable insight with
respect to the mediators and cell types involved in allergic airway inflammation. However,
OVA preparations and HDM are two vastly different materials. This chapter is specifically
concerned with modeling responses to HDM exposure in mice. These studies have furnished
new information and unlocked new lines of inquiry regarding biological responses to com-
mon aeroallergens. The complexity of HDM as an allergen source, with its plethora of pro-
tein and nonprotein immunogenic components, may influence the mechanisms underlying
sensitization, inflammation and remodeling. Here, we will discuss this issue, along with giv-
ing critical thought to the use of experimental models.

Copyright © 2007 S. Karger AG, Basel

Introduction

Allergic asthma is now understood as an immunologically driven disease
that occurs in predisposed individuals as a consequence of aeroallergen expo-
sure. The hallmarks of the asthmatic phenotype principally include the develop-
ment of a Th2-polarized immune response, eosinophilic inflammation and
airway hyperreactivity (AHR); persistent or recurrent inflammation appears to
be associated with changes in the structure of the airway referred to as remodel-
ing. This chapter is specifically concerned with modeling responses to exposure



to house dust mite (HDM), the most pervasive aeroallergen worldwide.
Throughout the chapter, our hope is to place our discussion in the broader con-
text of modeling of asthma, beginning with a foreword about scientific modeling.

Modeling is an essential part of the scientific endeavor. In medicine, ill-
ness is manifested by a collection of signs and symptoms. An observer collects
them, appraises them and decides to which recognized pattern they best fit. This
pattern recognition exercise, essential in deriving a diagnosis, contributes only
modestly to the understanding of the origin of a disease, its evolution and its
nature. Origin, evolution and nature are facets of a complex process, especially
in the case of chronic diseases such as asthma. Advancing our understanding of
these facets will come not only from a thorough study of the literature and
much careful consideration but, much more likely, through experimentation.
Indeed, it has been largely through experimentation in in vitro systems as well
as in in vivo animal and human models that we have learned the most about
asthma.

Biomedical modeling generally differs from modeling in other scientific
domains. In disciplines such as mathematics, physics and economics, a model
is the elaboration of a set of rules governing interactions between different vari-
ables. Thus, by definition, there is not a predetermined outcome. For example,
the equation that defines Newton’s Second Law of Motion, F = ma where F’
is the force applied, ‘m’ the mass of the object and ‘a’ is acceleration, is such a
model. These kinds of models are particularly suited to explain and predict the
outcome of interactions between a number of variables. In sharp contrast, the
outcomes of biomedical models are predetermined; in other words, their goal is
to recapitulate a given phenotype. The implication of this is that one can only
model what one knows. This is what determines the logic of biomedical model-
ing. The undisputed, but somewhat neglected, corollary of this is that modeling
of a disease should be a dynamic and ever-evolving endeavor. An underlying
theme of this chapter is that modeling promotes questioning which, in turn,
echoes the stage of knowledge at a given point and time.

The notion that one can only model what one knows underlies the develop-
ment of models of asthma over the last 20-30 years. Inflammation, or features
of inflammation, had been noted for a long time in asthmatic individuals.
However, the appreciation that eosinophilic airway inflammation resulting from
a particular type of immunological reaction is a defining feature of the asth-
matic phenotype is more contemporary. This understanding, in conjunction
with the explosion of molecular immunology, steered the modeling strategies
that researchers chose to explore in recapitulating the asthmatic phenotype, par-
ticularly in mice. The benefits of this work are apparent as it is now established
that allergic asthma is the product of a Th2-polarized response with all of the
attendant implications, including the discovery of the functions of archetypical
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Th2 cytokines, notably IL-4, IL-5, IL-9 and IL-13, on cardinal features of the
asthmatic phenotype.

The vast majority of research in models of asthma to date has utilized
chicken egg ovalbumin (OVA), an innocuous protein, as a surrogate allergen. It
appears that early research in anaphylaxis led investigators to make this choice,
as there is historical evidence that experimental research in anaphylaxis,
notably to food antigens, considerably preceded experimental research in
asthma. Indeed, studies of OVA-induced anaphylaxis in animal models date
back nearly 100 years [1, 2]. Research into these two processes evolved rather
separately for a long period of time. It seems plausible that the realization of the
conceptual and mechanistic connections between anaphylaxis and asthma
beginning with Meltzer in 1910 [3], along with the easy availability and very
low cost of OVA, set the stage for researchers wishing to model asthma to settle
on OVA as the ‘pseudo-allergen’ of choice.

Mouse Models of Allergic Airway Disease

OVA-Based Models of Asthma

There have been many studies, particularly over the last 20 years, in
experimental models of asthma. The objective of these initiatives has been to
recapitulate the cardinal features of the asthmatic phenotype, notably airway
inflammation but also AHR and, more recently, airway remodeling. As indi-
cated earlier, most of the research in this field has been performed in models
using OVA, a choice that has fundamentally influenced the strategies employed
to generate allergic sensitization. Indeed, the fact that exposure to OVA, either
intranasally or by aerosol, to naive mice elicits inhalation tolerance rather than
allergic sensitization or airway inflammation [4—7] has forced researchers to
develop ways of circumventing inhalation tolerance. With some minor varia-
tions, the most commonly used strategy involves the adsorption of OVA to a
chemical adjuvant (usually aluminum hydroxide or alum) that is injected into
the peritoneal cavity to generate allergic sensitization; we will refer to these
models as ‘conventional’ models of allergic sensitization from here on. An
asthma-like phenotype is, then, elicited by a subsequent airway challenge with
OVA. The principal utility of these models resides in the fact that they can gen-
erate a consistent and robust inflammatory response and, consequently, allow
for the study of the characteristics of such a response. Their greatest limitation
is that they are inherently designed to chemically bypass the natural require-
ments for allergic sensitization, precluding the study of that phenomenon.
In addition, neglecting the route by which humans are initially exposed to
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acroallergens — the respiratory mucosa — may have a number of significant
immunological consequences.

That allergic asthma is a result of the interaction between inhaled aeroaller-
gens and the immune system brings to the fore the merit of experimental models
capable of generating the asthmatic phenotype by exposure through the respira-
tory route. It seems intuitive that mucosal exposure to OVA, whether via the res-
piratory or gastrointestinal mucosa, would result in tolerance for there is neither
survival advantage nor immunological parsimony in generating a productive
immune-inflammatory response against an innocuous protein. A model system
was described in which mice were exposed to aerosolized OVA for 10 consecu-
tive days, leading to their sensitization [8]. However, this has not been the find-
ing in most cases. It seems to follow that the lack of inherent immunogenicity of
an antigen can be amended by altering the immune status of the host, particularly
through the activation of the surveillance apparatus that first interacts with anti-
gens. For example, studies in which granulocyte macrophage colony-stimulating
factor (GM-CSF) was overexpressed in the airway milieu enlighten this point
because GM-CSF is one of the most powerful natural adjuvants with substantial
effects on the maturation and activation of macrophages and dendritic cells.
Indeed, it was shown by Stdmpfli et al. [9] that GM-CSF enrichment of the air-
way microenvironment inhibits tolerance induction to OVA and elicits a pheno-
type with the typical hallmarks of asthmatic inflammation. Mice subjected to 10
OVA aerosolizations in the context of a GM-CSF-enriched microenvironment
showed an expansion and activation of antigen-presenting cells (APCs), devel-
oped an OVA-specific Th2-polarized immune response associated with airway
eosinophilic inflammation and goblet cell hyperplasia, and exhibited AHR. It is
likely that molecules other than GM-CSF, such as thymic stromal lymphopoi-
etin, have a direct role in the generation of allergic immune responses [10, 11].

A series of subsequent studies demonstrated that airway overexpression of
several cytokines and chemokines such as IL-12, IL-10 and IP-10 were capable
of generating distinct immune-inflammatory phenotypes to the same antigen,
OVA [12-14]. Together, these studies illustrate that the context in which the
immune system first sees antigen is of preeminent relevance to the generation
of future immune responses and established experimentally, as stated by Lee
and Lee [15], the ‘macroimportance of the microenvironment’. Yet this line of
experimentation was limited, as it did not account for the fact that common
allergens are fundamentally different from OVA, and that humans are rarely
ever exposed solely to allergens, or to purified allergenic proteins but rather to
complex materials. In other words, the biochemical and presumably immuno-
genic differences between OVA and the allergenic matter humans inhale, such
as HDM, may impact not only the outcome of allergen exposure but also the
mechanisms by which these outcomes are brought about.
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HDM as Allergen

The discovery of Dermatophagoides pteronyssinus as the source of the
long-sought ‘house dust allergen’ in 1967 [16] sparked an exponential growth
in investigations into the roles of HDM in allergy [17]. Dust mites are ubiqui-
tous throughout humid areas of the world [18]. Of the phylum Arthropoda and
class Arachnida, mites are more closely related to spiders, scorpions and horse-
shoe crabs than they are to insects, and are therefore difficult to control using
routine pest control methods. The small size of many mite species (e.g. 20320 pm
for D. pteronyssinus, depending on developmental stage) further complicates
control of mite populations, all but ensuring exposure. Thirteen different
species of mites can be found in house dust, but the three most common species
worldwide, and the major sources of mite allergen, are D. pteronyssinus, D. farinae,
and Euroglyphus maynei. In tropical climates, Blomia tropicalis is also highly
prevalent [19]. The discovery of the allergenic role of mites and an understand-
ing of their biology has allowed researchers to address many questions concern-
ing the global distribution of dust allergies, the seasonality of the disease, and
the risk associated with damp houses. Many of these issues are still being inves-
tigated today.

It has been argued, based on the global prevalence of mite allergens, and
the high proportion of total IgE directed towards them, that there is more spe-
cific IgE to mite allergens than any other single allergen source in the world
[17]. Sensitization to allergens derived from HDM is also strongly associated
with allergic asthma, further emphasizing the clinical importance of this aller-
gen source. Much of the knowledge we have in support of which HDM proteins
constitute ‘allergens’ comes from the binding of patient IgE in Western blotting
studies. However, these studies are difficult to interpret due to the variation
between reports, the potential for cross-reactivity of antibodies, and the lability
of antigens [reviewed in 20]. Therefore, identifying which HDM components
are the most universally relevant to human disease, and developing appropriate
models in which to test hypotheses surrounding HDM allergy, add additional
layers of complexity.

Domestic mites are complex organisms that produce thousands of different
proteins and other macromolecules. The identification and isolation of mites
from dust and their subsequent culture laid the foundation for the development
of the extracts currently used in research. HDM extracts are made from an
aqueous solution of a variable mixture of whole mites, nymphs, fecal pellets,
eggs and spent culture media, all of which are relevant sources of allergenic
proteins [21, 22]. Based on a study of these extracts and the high concentrations
of these allergens in dust, it is believed that the group 1 and group 2 HDM aller-
gens are ‘the major’ allergens. However, it is unknown how well these mite
extracts actually compare to the allergens present in the environment. It is
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possible that some mite proteins present in house dust are poorly represented in
extracts due to, for example, their hydrophobicity, stability and/or ability to
withstand the extraction process. In addition, extracts differ based on produc-
tion methods [23], and are difficult to standardize based on the number of pro-
teins they contain [20].

The advent of molecular biology has allowed for the identification,
cloning, and synthesis of the proteins identified as HDM allergens. These
developments provided the opportunity to investigate the effects of isolated
native proteins or recombinant peptides in allergic asthma to HDM. While this
approach permits investigation into the effects of a single agent, there are also
some shortcomings. First, some recombinant proteins do not retain potentially
important native biological activities after being synthesized without a chemi-
cal treatment that may affect the protein in other ways. Also, that exogenous
adjuvants are required to elicit allergic sensitization to these individual proteins
precludes investigation into the immunological mechanisms that underlie this
process. In addition, humans are not exposed to a single protein, but to a com-
plex material made up of a multitude of molecules that have the potential to
interact. Thus, experiments utilizing a single HDM protein may not capture the
complexity of this ‘material’. On the other hand, HDM and its extracts are com-
plex; therefore, clarifying the functions of their individual active components
and how they contribute to immune responses is a challenging endeavor. This
dilemma will likely be mitigated by the convergence of progress arising from
the mindful exploration of each experimental paradigm.

Acute HDM Exposure Models

Despite the evidently important contribution of HDM proteins to the myr-
iad of allergens that humans are exposed to, relatively little research has been
conducted in animal models to discern the nature of the effects of HDM in vivo.
To date, the vast majority of this work has been done using the previously men-
tioned ‘conventional’ [intraperitoneal (i.p.) + alum] models of allergic sensiti-
zation. Shortly following the discovery of mites as the allergenic source of
house dust, and the establishment of culture systems from which to extract mite
proteins, research logically focused on the ability to elicit IgE responses in mice
and guinea pigs [24—27]. Initially it was discovered that it is possible to sensi-
tize guinea pigs to HDM extracts via the respiratory mucosa [26]. At this time
however, sensitization in the absence of adjuvant appeared to be arduous, taking
as long as 17 weeks to achieve [24]. In mice, multiple injections of HDM
seemed to be required, even in the presence of alum, to generate an IgE
response [27, 28]. These early findings appear to have set the stage for the pri-
mary use of conventional models of allergic sensitization as the standard in the
field. This is true for the majority of studies that have followed, modeling both
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allergic asthma and atopic dermatitis, unless modified animals such as T cell
receptor transgenics [29] were employed.

Research investigating the immunological mechanisms involved in allergy
to HDM began in earnest in the late 1980s to early 1990s. Experiments address-
ing the allergenic components of HDM extracts have demonstrated that while
the higher molecular weight fraction of these extracts (containing Der p 1) does
appear to retain the majority of the allergenic potential [30], Der p 1 alone
induces oral and inhalation tolerance [31-33]. It is plausible that this finding
perpetuated the notion that conventional models were needed to examine the
induction of responses to HDM, and the continued use of i.p. models sparked
two lines of questioning. One line is concerned with the development models of
mucosal sensitization that are more clinically relevant [29, 34, 35], and the
other asks immunological questions using conventional i.p. models and the
inflammatory responses they elicit. Studies in this latter category have been
useful in addressing questions such as the role of eosinophils in AHR elicited
by HDM [36], the types of inflammatory responses elicited by different species
of mites [37], the role of the proteolytic activity of Der p 1 in inflammatory
responses in the lung [38, 39], the importance of the spatial distribution of
immune cells in the lungs of primates [40], as well as the feasibility of cytokine
gene therapy-based strategies or parasitic infections to treat HDM allergy
[41, 42].

As previously mentioned, early attempts to sensitize mice to HDM via the
respiratory mucosa were met with limited and inconsistent success. In 1999, Yu
et al. [43] demonstrated that sensitization to a crude D. farinae extract was pos-
sible via the intratracheal route in the absence of exogenous adjuvants.
However, the inflammatory responses in the lung and IgE titers obtained were
admittedly low, and much more robust responses could be achieved via conven-
tional i.p. sensitization followed by airway challenge. This was followed in
2004 by Cates et al. [44] who published an acute model of allergic sensitization
to an HDM extract (D. pteronyssinus) in which mice were indeed sensitized via
the respiratory mucosa in the absence of exogenous adjuvants. This model was
characterized by the current hallmarks of allergic asthma: the expansion and
activation of APCs, an eosinophilic inflammation in the lung, deployment of a
Th2-polarized immune response, Th2-associated immunopathology and resul-
tant AHR. This acute HDM exposure model also allowed for a preliminary
investigation into the roles of a cytokine, GM-CSE, in the early stages of aller-
gic sensitization. In an interesting parallel to the previously reported findings of
Stampfli et al. [9], who demonstrated that enriching the airway environment
with GM-CSF allowed for sensitization to OVA, the administration of an anti-
GM-CSF antibody in the Cates et al. study markedly decreased responses to
HDM. This was believed to be due to the ability of HDM to elicit GM-CSF
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production from bronchial epithelial cells [45] and the powerful effects this
cytokine has on APCs [reviewed in 46]. Therefore, unlike OVA, HDM appeared
to have an intrinsic ability to elicit an immune response, the nature of which can
now be studied in more detail. Using a slightly modified model, others later
reported similar findings, further expanding their work to examine the impact
of regulatory T cells on dendritic cells and allergic responses to HDM [47].

One of the fundamental differences between the models discussed above
and allergen exposure in humans is that these animals were exposed to HDM
antigens for short, experimentally defined periods of time, whereas human
exposure is a ubiquitous life-long event. As such, these kinds of models are
inadequate to examine questions surrounding the biological processes that
occur as a result of chronic allergen exposure, and if or how these processes
play a role in diseases such as allergic asthma.

Modeling the Chronic Aspects of Allergic Asthma

That human exposure to HDM is a chronic event implies that there is a per-
sistent, ongoing interaction between HDM antigens and the immune system.
However, the details of the consequences of this interaction in allergic and non-
allergic persons are unknown. Currently, it is believed that chronic exposure to
allergen results in persistent eosinophilic inflammation, which leads to the
structural changes, characteristic of asthma, known as airway remodeling.

Remodeling of the airways was first described quantitatively in 1922 by
Huber and Koessler [48], and many subsequent studies have shown this phenom-
enon to be comprised of increases in mucous production, subepithelial extracellu-
lar matrix deposition, and airway contractile elements such as airway smooth
muscle cells and myofibroblasts. As the clinical significance of these structural
changes to the airway wall has become apparent, efforts have been made to
develop model systems to investigate immunological links to this phenomenon.

Many cell types and mediators associated with Th2-polarized immune-
inflammatory responses have been implicated, primarily in vitro, in the elabora-
tion of airway structural changes. Cytokines such as IL-13 and IL-4 have been
shown to directly effect airway structural cells, leading to increased mucous
production [49] and collagen deposition [50], as well as phenotypic changes in
fibroblasts [51]. Activated Th2-polarized lymphocytes have also been directly
implicated in the increased proliferative capacity of airway smooth muscle cells
[52]. Moreover, recent studies into the structural consequences of eosinophil
degranulation in the airway have revealed that eosinophil-derived cationic pro-
teins are able to modify gene expression in bronchial epithelial cells, inducing
them to synthesize numerous mediators, such as growth factors and matrix met-
alloproteinases, which ultimately lead to altered extracellular matrix composi-
tion and turnover [53]. In addition to the direct impact of inflammatory cells on
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airway structure, resident structural cells themselves, including epithelial cells,
smooth muscle cells, fibroblasts and myofibroblasts [reviewed in 54], may par-
ticipate in the initiation of a repair phenotype characterized by increased colla-
gen deposition, which is thought to be driven by TGF- and other growth
factors [55]. Due to the complexity of remodeling, and the number of cell types
and mediators involved, the extent and nature of the contributions made by
inflammatory and structural cells in airway remodeling and the asthmatic phe-
notype as a result of chronic allergen exposure in vivo remains to be elucidated.

To address these questions, significant effort has been exerted to recapitu-
late the chronic aspects of asthma, using animal model systems. One approach
to investigating the role of Th2-associated molecules in airway remodeling has
been the genetic manipulation of the host. By either upregulating pulmonary
expression of key Th2 cytokines such as IL-9 and IL-13 [56, 57] or by knocking
out expression of t-bet [58], a transcription factor associated with the genera-
tion of Thl immune responses, chronic airway inflammation, peribronchial
fibrosis and abnormal airway function can be established. While these models
illuminate the potential role of each of these factors in the structural changes
associated with asthma, they ignore the potential contribution of allergen expo-
sure itself on the development and maintenance of abnormal airway structure
and function.

Acute protocols employing short-term OVA delivery, even at a high dose,
have been used to examine the impact of allergen exposure on airway remodel-
ing. However, these protocols do not lead to most of the structural changes
associated with chronic asthma. Therefore, the effects of chronic pulmonary
exposure to OVA were explored. Interestingly, exposure under these conditions
led to an abrogation of the immune-inflammatory response to OVA. Although
initial delivery of OVA results in immune activation, sustained respiratory
exposure leads to an attenuation of the immune response to OVA, deviation
of the immunoglobulin profile from IgE to IgG1, decreased expression of cos-
timulatory molecules on lung mononuclear cells, and decreased eosinophilia in
the peripheral blood and bronchioalveolar lavage, even in i.p. sensitized
animals [59].

In order to avoid the development of inhalation tolerance to OVA, various
models have been developed in which OVA is delivered intermittently after i.p.
sensitization [60—63]. The resultant phenotype of these models includes epithe-
lial lesions (goblet cell hyperplasia, mucous production and epithelial shed-
ding) and alterations to the subepithelium, most notably increased collagen
deposition and accumulation of contractile elements (smooth muscle hypertro-
phy/hyperplasia and myofibroblast differentiation). Many of these models are
also associated with increased AHR to methacholine. Interestingly, the extent of
eosinophilia subsides progressively with each exposure. In addition, interactions

Cates/Fattouh/Johnson/Llop-Guevara/Jordana 50



between many common aeroallergens and the lung microenvironment are a
potentially important pathway in the development of altered airway wall struc-
ture. This is an aspect that cannot be addressed using OVA as the antigen.

To this effect, models employing chronic exposure to HDM were devel-
oped. Recently, in the absence of any adjuvant, chronic exposure to a D. farinae
extract has been reported to induce airway eosinophilia in infant monkeys [64].
Subsequently, in 2004, Johnson et al. [65] described a mouse model of sus-
tained allergic airway inflammation and remodeling employing chronic, sus-
tained respiratory delivery of a D. pteromyssinus extract. This protocol of
chronic respiratory exposure to HDM led to sustained airway eosinophilic
inflammation, which reached a plateau following 3 weeks of exposure. HDM
delivery was associated with immune activation in the lung, characterized by
the expansion of APC, activated T cell, and Th2 effector cell populations fol-
lowing 5 weeks of continuous HDM exposure. An allergen-specific memory
response to HDM extract was also observed by elevated in vitro production of
IL-4, IL-5 and IL-13 by splenocytes isolated from mice chronically exposed to
HDM, and humoral immunity to HDM was indicated by elevated serum levels
of IgE and HDM-specific IgG;.

This chronic eosinophilic immune-inflammatory response was also
accompanied by profound changes to the structure of the large airways. In addi-
tion to the goblet cell hyperplasia and increased mucous production commonly
observed in acute allergen exposure protocols, continuous HDM exposure
resulted in an increased expansion of peribronchial contractile elements, pre-
sumably myofibroblasts, as well as collagen deposition in the airway wall
subepithelium. Finally, chronic exposure to HDM had profound functional con-
sequences, with markedly increased AHR to methacholine. Interestingly, the
lung structural changes and dysfunction remained following HDM withdrawal,
despite an attenuation of the inflammatory response. This suggests that the air-
way dysfunction seen in this model is contributed to by both airway inflamma-
tion and remodeling. It is hoped that a detailed exploration of the evolution of
the structural and functional abnormalities in this model will help to improve
our understanding of the mechanisms contributing to airway remodeling and
dysfunction in the context of chronic exposure to a common aeroallergen.

Considering the Allergenicity of HDM

Clearly, allergic sensitization to a variety of allergens, including OVA and
HDM, can be achieved experimentally. These systems do not inform matters
such as: (1) what makes allergens like HDM allergenic and (2) under what con-
ditions allergic sensitization naturally occurs. Confronting such questions is the
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selective pressure that has driven past changes in modeling and will drive future
lines of inquiry.

The Biochemical Nature of HDM Extracts

As previously mentioned, OVA preparations and HDM extracts are, from
the perspective of biochemical diversity, two vastly different materials. The
OVA preparations that are commonly used in models of allergic disease are typ-
ically >98% pure and hence, are essentially free from additional protein and
nonprotein components. In stark contrast, HDM extracts are complex materials
consisting of hundreds of protein and nonprotein components that range in both
size and function. Indeed, it is this fundamental difference between OVA and
HDM that is thought to account for the divergent immunological outcomes
which arise following inhalation of these materials. This realization has fueled
investigations aimed at characterizing HDM-derived allergens and understand-
ing the mechanisms by which these individual components promote allergic
disease.

It is estimated that mites produce approximately 3,000 proteins, 5% of
which are thought to be allergens [66]. Studies conducted in the mid-late 1980s
documented >30 IgE-binding proteins in dust mite extracts using sera from
mite-allergic patients [67-69]; however, the actual number of different mite
allergens represented in those studies may be somewhat less. According to the
listing maintained by the Allergen Nomenclature Sub-Committee of the
International Union of Immunological Societies [70], 21 different groups of
dust mite allergens have been identified. A biological function has been
described for most of these allergens, and collectively, they encompass a broad
range of functions including binding proteins, structural proteins, enzyme
inhibitors and various enzymes [thoroughly reviewed in 20].

The majority of investigations into the impact of HDM-derived allergens
on the pathogenesis of allergic disease have focused on the proteolytic activity
of HDM proteins. There are at least 4 HDM allergens that possess proteolytic
activity. The group 1 allergens display a mixed cysteine/serine protease activity
[71], while groups 3, 6 and 9 are serine proteases [72—74] and a number of
mechanisms have been identified by which the proteolytic activity of these
allergens is thought to contribute to HDM’s allergenicity.

A series of in vitro studies conducted by Wan et al. [75, 76] using solubilized
Der p 1 demonstrated that this protease disturbed a monolayer of cultured
bronchial epithelial cells, resulting in minor exfoliation and the disruption of tight
junctions. Interestingly, this event was associated with increased epithelial cell
permeability and transepithelial migration of Der p 1. Similar effects were
observed when bronchial epithelial cells were treated with culture medium
enriched in serine proteases derived from D. pteronyssinus (i.e. rich in Der p 3, 6
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and 9) [77]. Together, these results suggest that the proteolytic activity of HDM
may facilitate allergen entry into the submucosal environment. Consequently, this
may increase HDM’s contact with APCs and the likelihood of developing allergic
sensitization [76].

In addition to enhanced epithelial permeability, it has become increasingly
clear that the proteolytic activity of HDM-derived allergens can have more
direct proinflammatory effects. Alveolar macrophages treated with a D. farinae
extract in vitro respond by producing IL-6, TNF-a and nitric oxide [78].
Similarly, purified Der p 1, 3 and 9 were collectively shown to induce the pro-
duction of GM-CSF, IL-6, IL-8 and eotaxin from bronchial epithelial cell lines
and primary cultures of human bronchial epithelium [45, 79]. Although the pre-
cise mechanism of cytokine induction from mite allergen-treated epithelial
cells differs depending on the allergen and cytokine, for the most part these
responses seem to be mediated by the activation of protease-activated receptor-2
[79, 80]. More recently, a protease-independent mechanism of Der p 1-mediated
cytokine release has been reported [81, 82]. Notably, an HDM allergen lacking
any known proteolytic activity (Der p 5) was shown to induce cytokine expres-
sion from epithelial cells [82]. Taken together, the increased accessibility of
allergens resulting from disrupted epithelial integrity, and a proinflammatory
microenvironment may strongly promote the development of allergic sensitiza-
tion. However, it is important to note that the extent to which these events occur
in vivo remains unclear.

It has also been suggested that HDM’s proteolytic activity may enhance
IgE synthesis as Der p 1, in vitro, can cleave the low-affinity IgE Fc receptor
(CD23) from the surface of human B cell lines [83, 84]. CD23 is a key regula-
tor of the IgE network as its binding of IgE and IgE-containing immune com-
plexes on the surface of B cells triggers a negative-feedback signal that
prevents further IgE synthesis [85, 86]. Moreover, soluble CD23 has been pre-
viously reported to enhance IgE synthesis [§7-89]. Thus, it has been proposed
that Der p 1-mediated cleavage of CD23 may not only impair IgE feedback
inhibition pathways but may also augment IgE synthesis directly [83].
Additionally, both HDM extracts and purified Der p 1 can induce the produc-
tion of IL-4 directly from mast cells and basophils [90], and this may also
enhance the IgE response.

The proteolytic activity of dust mite allergens may, furthermore, bias the
development of a Th2 response by cleaving the a-subunit of the IL-2 receptor
(CD25) on T cells [91]. Schulz et al. [91] have demonstrated that Der p 1-mediated
cleavage of CD25 from human peripheral blood lymphocytes resulted in
decreased proliferative and cytokine (IFN-vy) responses upon stimulation with
anti-CD3 antibody in vitro. Subsequently they demonstrated that Der p
1-conditioned human CD4 and CDS8 T cells produce more IL-4, and less IFN-y,
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following stimulation with anti-CD3 in vitro than T cells treated with inacti-
vated Der p 1 [92]. These findings suggested that HDM may limit the develop-
ment of Thl response, at the same time promoting the development of a Th2
response and IgE synthesis [91]. Importantly, this notion is supported by in vivo
evidence showing that mice immunized with proteolytically active Der p 1 gen-
erate higher titers of Der p 1-specific IgE compared to controls immunized with
inactivated Der p 1 [93].

The recent discovery of the involvement of chitinases in the pathogenesis
of experimentally induced allergic airway inflammation may have uncovered
another mechanism by which the functions inherent to HDM proteins may con-
tribute to their allergenicity [94]. Chitinases are enzymes that catalyze the
hydrolysis of chitin and are found in arthropods such as dust mites. In addition,
a family of chitinase and chitinase-like genes has been identified in both
rodents and humans [95-97].

Elias et al. [98] have postulated that some mammalian chitinases may act as
potent mediators of the Th2 immune response. In support of this concept, they
found increased expression of acidic mammalian chitinase (AMCase) following
sensitization and challenge with OVA and, importantly, neutralization of
AMCase markedly reduced inflammation and AHR [94]. The expression of
mammalian chitinase-like proteins has also been observed in the context of Th2-
mediated inflammation during experimental parasitic infection [99]. Moreover, a
putative member of the chitinase protein family, ECF-L, may be a potent
chemoattractant for eosinophils and T cells [99, 100]. These findings indicate
that mammalian chitinases/chitinase-like proteins may play a role in the modula-
tion of the allergic response.

The group 15 and 18 HDM allergens have been identified as chitinases
[101, 102]. Based on the findings discussed above, it is reasonable to speculate
that the HDM-derived chitinase allergens may function in a manner similar to
human chitinase proteins to potentiate Th2 responses. To our knowledge, there
is no direct evidence in support of this. However, the group 15 and 18 dust mite
allergens show a high frequency of binding to IgE in patient sera, and are the
main IgE-binding proteins in allergic dogs [102—104]. This supports the notion
that HDM-derived chitinase allergens may influence allergic disease.

Clearly, the functional properties of allergens can profoundly influence
their ability to elicit an allergic immune response, although it is likely that in
some cases function may be of little significance. For the most part, as it per-
tains to many of the HDM-derived allergens, this information is simply lacking
at this time. For example, the group 10 and 11 allergens have been identified as
muscle proteins (tropomyosin and paramyosin, respectively) and have been
shown to bind IgE at a high frequency [105, 106]. Similarly, the group 2 aller-
gens bind a high proportion of patient IgE, and have thus been identified as
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major allergens. In addition, the group 14 allergens are abundant mite proteins
that function as lipid transport or storage molecules [107, 108]. Interestingly,
they have demonstrated both potent reactivity in T cell assays and high IgE
binding. It remains to be seen if these biochemical functions or immunological
activities contribute to HDM’s allergenicity.

The complexity of HDM extracts is further enhanced because, in addition
to the diverse array of protein allergens, they contain a number of nonprotein
components. Of these, lipopolysaccharide (LPS) is the best defined. It is widely
acknowledged that LPS is a potent stimulator of the innate immune response
and, correspondingly, has powerful adjuvant activity. LPS can elicit the produc-
tion of a panopy of proinflammatory mediators including cytokines such as
TNF-a, GM-CSE, IL-6, IL-8, IL-10 and IL-12 [109, 110], some of which are
thought to contribute to the development of allergic responses [110, 111]. That
LPS exposure can facilitate allergic sensitization and exacerbate airway inflam-
mation has been demonstrated in experimental systems [112, 113] and more-
over, is associated with the severity of allergic airway diseases in humans [110].
Numerous other nonprotein immunostimulators such as lipoteichoic acid and
peptidoglycans are abundantly present in the environment, and at least some of
these may promote allergic sensitization [114]. However, aside from LPS, very
little is known regarding the content of such molecules in HDM. Given their
ubiquitous distribution and profound influence on innate immunity, it is likely
that at least some of these molecules may also contribute to HDM’s inherent
allergenicity. Clearly, a comprehensive description of the nonprotein con-
stituents of HDM is required.

It has become apparent that HDM extracts possess, in sharp contrast to
OVA, a number of entities capable of distinctly engaging the immune system.
What then, could be the immunological relevance of the biochemical differ-
ences between OVA and HDM? It seems intuitive that the biochemical and
immunogenic profile of HDM extracts will draw on an expanded network of
cellular responses and unique molecular signatures. Take for example, the out-
come of airway remodeling. While OVA can, under certain conditions (e.g. i.p.
sensitization with intermittent exposure) lead to remodeling, achieving the
same outcome utilizing an HDM extract and a route of mucosal sensitization
does not imply the same underlying biochemical or immunological process; nor
can this knowledge be universally applied to the responses elicited by other
aeroallergen families. In this regard, preliminary data from our laboratory sug-
gests that in contrast to OVA-based systems [115], TGF-3 may not be involved
in the generation of HDM-induced airway remodeling [116]. So, while some of
the experimental outcomes of using OVA or HDM may be quite similar, the
mechanistic processes that underlie those outcomes are likely to be fundamen-
tally different.
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The Issue of Exposure

A common denominator of the studies cited above is that, in all instances,
the concentration of HDM extract administered was experimentally determined
by the researchers to achieve their desired outcome (e.g. 25 pwg/day/mouse).
Therefore, a legitimate question is: how comparable is this concentration of
allergen to human exposure? Absolutely the question is intuitive and legitimate;
however, the answer is just as elusive. Arguably, the significance of this issue is
relative, because a model of a chronic disease such as allergic asthma is the
compression in time and space of a protracted process. ‘In time’ because the
objective is to achieve a predetermined outcome in a relatively short period of
time; indeed, the alternative of achieving such a goal in 1-2 years would be a
self-defeating enterprise. ‘In space’ because, clearly, ‘real life’ is not the same
as life in a cage in an animal facility or, for that matter, the environment in a
university research laboratory (in the case of human research). These are the
inherent limitations of experimental modeling where the trade-off between ‘real
life’ context and the control of variables and productivity must be constantly
scrutinized. The relevance of the question of comparative exposure is also
dependent on the nature of the overall research question being asked. If the
query is: what concentration of, and under what conditions, an HDM extract
elicits allergic sensitization and/or airway inflammation, then the information
derived from using a single concentration of 25 wg is largely uninformative.
Studies comprehensively examining a wide range of doses and lengths of expo-
sure would shed light on these questions. However, if the issue is to consistently
establish a robust phenotype with the typical hallmarks of asthma, then, that
concentration is suitable. Nevertheless, these comments should not be con-
strued as intellectual trickery to circumvent the genuine relevance of the initial
question: how comparable is this experimental dose of allergen to human expo-
sure? The reply is saturated with uncertainty because the terms of reference are
ambiguous. Indeed, many clinical and epidemiological studies have measured
concentrations of mite allergens. However, the site sampled, the sampling tech-
niques used (type of collectors, frequency of sampling, environment), and the
methods of measurement and quantification of allergen employed are diverse.
Moreover, the criteria employed to define ‘risk’ (for sensitization as well as dis-
ease) are not uniform. Therefore, to precisely identify the concentrations of
HDM associated with allergic sensitization and airway disease in humans is an
arduous endeavor.

With respect to allergen sampling, there is still debate as to whether indi-
rect personal exposure should be assessed by measuring allergen, usually Derp 1,
either in airborne dust, in settled dust, or in allergen reservoirs [117]. Airborne
allergen has been commonly measured by air samplers or ion-charging devices
[117, 118]. Under these conditions, allergen is usually expressed as nanograms
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per cubic meter of air. Most investigators have been unable to detect airborne
mite allergens in the absence of experimental or household disturbance, likely
because these levels are below the detection limit for most assays. Allergens in
settled dust can be detected and measured by leaving Petri dishes out for 2 weeks
or using an adhesive-membrane system [117]. In this case, allergen-settling rate
is calculated as nanograms per square meter per day. A third method used to
measure allergen concentrations is to sample allergen reservoirs by means of
vacuum sampling [117]. In this instance, exposure to indoor allergens is usually
expressed as the concentration of allergen detected in dust samples (ug/g dust);
this is considered to be the most consistent method available [119]. Despite
controversy as to how the allergen concentrations measured using these varied
sampling methods might correlate with each other [117, 120], measurement of
mite allergen concentration in dust reservoirs, as a surrogate for airborne expo-
sure, is the most commonly used method.

The site of allergen sampling is also relevant. Mattresses, carpets/floors
and upholstered furniture are the best places indoors to detect mites and mite
products. Other places with adequate textile substratum and optimal tempera-
ture, humidity, and food resources for mites are shutters, clothing and picture
frames [121]. It has been proposed that mattress-dust sampling is the most
appropriate marker of indoor allergen exposure because bedding is a major
reservoir of mite allergens and probably the most important environment for
exposure. A number of studies have documented that the amount of mite aller-
gens found in mattresses is up to 10-fold higher than in other areas of a house-
hold [122, 123]. It should be noted that the distribution of allergen is dynamic.
In particular, the concentration of airborne allergen is notably influenced by any
‘disturbance factor’. For example, it has been shown that the airborne levels of
Der p 1 increase about 1,000-fold in disturbed conditions, such as bed making
[122] or vacuum cleaning done without a filter.

With these considerations in mind, many clinical and epidemiological
studies have examined the amount of mite allergen present in homes. The cen-
tral message that emerges from these studies is that there is an extraordinary
geographical variability in terms of both the number of households where mites
can be detected and the concentration of mite proteins detected at each site. A
recent study by Zock et al. [124] examined over 3,500 households in 22
European cities representing 10 countries. The percentage of households in
which mite allergens were detected ranged from 0 to 98.4% (globally, an aver-
age of 48.4%). Detection of mite allergens was performed by vacuuming 1 m?
of bed for 2 min; under these conditions, the concentration of mite allergens
detected (Der p 1 and Der f 1) ranged from 0.01 to 14.71 pg/g of dust. Other
European studies have found concentrations of mite allergens ranging from
0.18 pg/g of dust (carpets) and 5.6 pg/g of dust (mattresses) in Germany [125],
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to 16 and 28 pg/g of dust in Southern England and Manchester [126, 127],
respectively. Leaderer et al. [128] showed that 47% of households in
Connecticut and Central Massachusetts had levels of HDM greater than or
equal to 2 pwg/g of dust, and in 22% of households levels were greater than or
equal to 10 pg/g of dust. Higher levels were reported in coastal Australia and
New Zealand where prevalence and severity of asthma is the highest [129];
indeed, a study in Wellington reported that at least 2 wg/g of dust were detected
in all households, and 36% had levels greater than 100 g/g of dust [130, 131].
Finally, many studies have shown that there is a plethora of variables influenc-
ing the concentration of mite allergens in the household including humidity in
particular, temperature, living conditions such as dampness, number of people
living in a household and availability of central heating, living habits such as
vacuuming mattresses and sleeping with the window open in winter, and many
others [119, 124, 132-134]. Some of these variables not only influence the
amount of mite allergen that can be detected but also they are likely to alter the
actual amount of airborne allergen.

It is, at this point, tempting to furnish an answer to the question of how
daily human exposure to mite allergens compares to the daily exposure of mice
to these same allergens in experimental systems. The amount of HDM that
interacts with the respiratory mucosa of the lower airway of a mouse may be
5-to 10-fold less the amount deposited into its nostrils [135]. Despite this degree
of fluctuation, the actual amount of HDM a mouse is experimentally exposed to
per day can be reasonably estimated. Clearly, it is far less direct to deduce the
amount of allergen interacting with the lower airway respiratory mucosa of a
human on a per day basis from the number of micrograms of Der p 1 per gram
of collected dust. For example, that several micrograms of Der p 1 can be mea-
sured in a sample that has been collected by vacuuming 1 m? of a mattress for
2 min says little about how much was made airborne, inspired, and passed the
necessary physical barriers to reach the lower respiratory tract. In other words,
the logical ambiguity in precisely determining mucosal exposure to HDM in
humans precludes the beneficial intent to formulate a rigorous interspecies
comparison of exposures.

A different but relevant issue is the relationship between levels of exposure
and the risk for sensitization, an altogether different issue to that of the relation-
ship between allergen exposure and allergic disease. While some controversy
remains, the consensus is that there is an association between measurable lev-
els of HDM allergen and prevalence and severity of allergic sensitization
[136-138]. However, whether this relationship is linear remains to be eluci-
dated. Different studies have provided somewhat different estimates, but it has
been put forth that Der p 1 levels as low as 2 pg/g of dust are a significant risk
for allergic sensitization [119, 139]. While such measurements are clearly
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useful as an epidemiological reference in defined settings, extrapolation of
detected amounts of Der p 1 in dust to explaining pathogenesis may extend
beyond applicability. That some studies have failed to uncover a relationship
between the concentration of mite allergens per gram of dust and the extent of
allergic sensitization is not highly surprising, as there may be a number of rea-
sons accounting for this apparent disconnect. For example, humans are not
really exposed only to Der p 1, or Der f 1, but to complex materials, which, as
previously discussed, contain other immunologically active moieties. Thus, the
mite materials humans are exposed to ‘in the wild’ are more than likely to be
rather heterogenous. In addition, immune responsiveness to HDM (or to Der p 1)
is surely influenced by the immune status of the host at the time of exposure.
For example, concurrent exposure to other immunologically active entities such
as molds and viruses, preexisting sensitization to other non-HDM allergens, or
exposure to pollution among other things may prime the immune system alter-
ing, either way, the threshold of responsiveness to mite allergens. This complex
interplay would directly impact on the concentration of HDM (or Der p 1)
required to elicit allergic sensitization. In any case, failure to find a correlation
between allergen exposure and sensitization does not justify the conclusion that
these two variables are not related.

Closing Remarks

Evidently, modeling is pivotal to advancing knowledge in any scientific
discipline. In the medical sciences, experimental modeling aims to recapitulate
a predetermined outcome. While the generally implied goal of modeling is to
‘mimic a disease’, we must be mindful that this is a misguided enterprise.
Overall, disease is an experience that is virtually impossible to duplicate, espe-
cially across species. Indeed, the experience and manifestation of disease have
not only many anatomical and physiological constraints but also fundamentally
distinct social and psychological aspects, all of which have an impact on the
immune system. Perhaps, the most constructive way to conceptualize modeling
is that it is an attempt to recapitulate the phenotype that we think, based on our
best understanding at a given point in time, underlies a disease state.

Indeed, the notion of ‘our best understanding’ does not refer only to the
amount of information available at any point in time. Of course information
plays a central role but equally, if not more important, is the current conceptu-
alization, the established paradigm that ‘explains’ the disease. This, we surmise,
is what fuels future and novel modeling initiatives. In other words, if asthma is
understood, as it was historically, as a ‘nervous imbalance’, or a ‘mediator
hyper-release process’, then modeling will go along one path. If, in contrast,
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asthma is understood as an immune-driven disease, then modeling will evolve
along a very different path, both practically and conceptually.

A number of experimental models of asthma have been developed to date.
The past, present and future usefulness of each one of them rests in the ability
of researchers to remain both cognizant of the limitations of each experimental
construct, and open to the changes that must occur with time and discovery. The
greatest liability of exploiting a model uncritically is that it may end up furnish-
ing knowledge alienated from, and hence of doubtful relevance to, the very dis-
ease process it was meant to investigate.
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Abstract

Several respiratory viruses have been shown to cause exacerbations of asthma. While the
various viral responses likely have common mechanisms of activation, the respiratory syncytial
virus (RSV) appears to promote specific responses that on their own can cause severe pul-
monary problems. Understanding the mechanisms that promote inappropriate immune
responses and local damage may lead to better therapy. The activation and recruitment of
T cells that amplify and skew the immune response toward more intense pathology, including
mucus production and remodeling of the airways, are likely scenarios that lead to more severe
disease and clinical crisis in asthmatic patients. These mechanisms may also contribute to a sig-
nificant proportion of exacerbations in chronic obstructive pulmonary disease. This review will
focus on recent research on specific pathways of RSV-mediated activation of the innate host
defense, including chemokine biology and TLR pathways, as well as on acquired immunity.

Copyright © 2007 S. Karger AG, Basel

Introduction

Several epidemiological studies have shown that respiratory viral infection
is an independent risk factor for the development of severe chronic asthma
exacerbations [1-5]. Although a number of respiratory viruses have been impli-
cated in the induction of asthma exacerbations, including infections with rhi-
novirus, influenza, parainfluenza, and adenovirus, recent studies in children [6]
and adults [7] with severe asthmatic exacerbations (for definitions see the
introductory chapter of this book) often are associated with respiratory syncy-
tial virus (RSV) infections (27 and 37%, respectively in the two studies). In



particular, both of these studies indicated that in the most severe patients pri-
marily two viral infections were involved, RSV or influenza A, with RSV being
the most commonly associated infection. In addition to the role in asthma, this
virus poses a major threat to young children as the major proportion of infec-
tions that hospitalize infants (~90%) are caused by RSV infections [8, 9].

RSV epidemics occur annually in temperate climates, such as in the US,
where two thirds of infants are infected within their first year of life with ~2%
hospitalized. It appears that individuals can be reinfected multiple times with
the same strain. RSV infections are now recognized as the No. 1 cause of child-
hood hospitalization in the US with the most vulnerable infants having signifi-
cant length of stay in the ICU, further driving up health costs. It is estimated by
the CDC that up to 125,000 pediatric hospitalizations in the United States each
year are due to RSV, at an annual cost of over USD 300,000,000 [10]. Despite
the generation of RSV-specific adaptive immune responses, RSV does not con-
fer protective immunity and recurrent infections throughout life are common
[11, 12]. While RSV is especially detrimental in very young infants whose air-
ways are small and easily occluded, causing bronchiolitis or pneumonitis, RSV
is also widely becoming recognized as an important pathogen in lung transplant
recipients, with exacerbations in patients with chronic obstructive pulmonary
disease, as well as other patients with chronic lung disease, especially asthma
and in the elderly population in general. Combining the figures for mortality for
all ages results in approximately 30/100,000 from 1990 to 2000, with an annual
average of over 17,000 in the US [13, 14]. These numbers are likely grossly
underestimated, as RSV infection is not diagnosed in adults in a consistent
manner. Thus, RSV not only causes significant exacerbated lung disease in
young and old, but also is associated with a significant amount of mortality
directly.

Although anti-RSV antibodies are available and appear to alleviate severe
disease, they perform best when given prophylactically. Few other options exist
for combating the RSV infections in susceptible patient populations [15-20]. In
the late 1960s, attempts to vaccinate children with an alum-precipitated formalin-
inactivated RSV vaccine preparation failed and caused severe exacerbated
disease upon reinfection with live RSV. The clinical manifestations appeared to
be a result of an enhanced Th2 disease, mucus production and eosinophilia, not
observed in nonvaccinated children.

Respiratory Syncytial Virus

RSV is an enveloped, nonsegmented negative-sense single-stranded RNA
(ssRNA) virus. The RSV genome is composed of ~15,000 nucleotides that are
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transcribed into 11 different viral proteins. Vaccine development against recom-
binant surface proteins (G, F, and SH) has failed and when whole virus was
used inoculation actually led to exacerbation of severe pulmonary disease upon
RSV infection. In animal models the adverse responses induced by the recom-
binant vaccines or fixed virus were characterized by an exaggerated Th2
response eosinophilia and mucus overproduction [21-23]. Thus, the proteins
from RSV, as well as the virus itself, can induce Th2-type responses that may
dictate the progression into chronic disease. Epidemiological studies support
the concept that the detrimental responses observed in infants and young chil-
dren are associated with the development of childhood asthma (and may be a
determinant of susceptibility to exacerbations of asthmatic disease). One conse-
quence of an early severe RSV infection appears to be long-term pulmonary
problems even years after the infection has resolved [9, 13, 24]. It is unclear,
however, whether these long-term problems are caused, intensified or merely
uncovered by the RSV infection. It may be that RSV helps to establish an
immune environment in the lung that allows a progression into chronic pul-
monary problems in immunologically immature, genetically susceptible indi-
viduals. Importantly, it is these same immune responses that are induced by
RSV that likely lead to the most severe exacerbations in asthmatic individuals.

Innate Inmune Response to RSV Infection

To progress with studies of RSV-induced asthma exacerbation, it is impor-
tant to understand the immune responses to RSV itself. In children with severe
RSV infection a number of leukocyte populations, including neutrophils,
macrophages, lymphocytes, and eosinophils, can be identified from airway
samples [3, 25]. Using animal models of disease to examine the temporal
expression of leukocyte accumulation, the cellular response within the first
4 days appears to consist of macrophages, neutrophils, and NK cells [26, 27].
The differential activation of this initial cell response may be critical to estab-
lish an effective antiviral immune reaction. The subsequent migration and acti-
vation of the adaptive immune cells, such cytotoxic CD8+ T cells, likely
depend upon the ‘proper’ activation of these cell populations [28—31]. Previous
studies have demonstrated that the CD8+ T cell population in BALB/c mice is
defective and does not properly clear virally infected cells [28, 32, 33]. When
these latter immune events do not lead to an antiviral environment, the system
may attempt to inhibit the virus using other mechanisms.

One of the most important pathological mechanisms in severely infected
infants during RSV infection is the dysregulation of mucus production within
the airway. Mucus production can be beneficial in an innate response as it can
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function to inhibit reinfection of the virus as well as provide a protective envi-
ronment for the epithelial cell layer [34]. However, if overproduced by inappro-
priate responses such as by IL-13-driven mechanisms, mucus can inhibit gas
exchange in the lung. The overproduction of mucus is especially detrimental in
infants whose airways are small and can be easily obstructed [9, 35-37]. These
pathological reactions to the RSV are seen in acute bronchiolitis and are also
likely to be involved, at least in part, in asthmatic exacerbation.

The decision to respond properly to the RSV infection must be made very
early (i.e. prior to virion production) in order to limit the viral propagation. The
initiation of an effective resistance to viruses is dependent upon the early innate
immune response to recognize the presence of foreign pathogens. The innate
immune response is the first line of defense and is responsible for recognizing
the vast array of pathogens with a limited set of fixed germline-encoded recep-
tors. To deal with this challenge, innate immunity relies on the detection of
pathogen-associated molecular patterns unique to various classes of pathogens.
Bacteria and fungi possess specific invariant structures like lipopolysaccharide
and zymosan that allow for easier discrimination of ‘foreignness’ than viruses
[38, 39]. In contrast, the heterogeneity of viral glycoproteins, along with their
ability to drift genetically from season to season, creates even greater chal-
lenges for innate immune recognition of viruses. To circumvent these obstacles,
the innate immune system has evolved mechanisms to detect characteristics of
viral nucleic acids that are either distinct in structure (double-stranded RNA,
dsRNA) or subcellular location (ssRNA). Since RSV is an ssRNA negative
sense virus, both ssSRNA and dsRNA species are formed and are targets for the
innate immune system (fig. 1). A subset of pattern recognition receptors
includes the toll-like receptors (TLR), which recognize different pathogen-
associated molecular patterns and activate NF-kB and other innate signaling
pathways [40—42]. Previous studies have suggested that RSV may bind to TLR4
to initiate the antiviral responses [43, 44]. Recent clinical data has suggested
that distinct polymorphisms in TLR4 genes in humans can be linked to the sus-
ceptibility to severe RSV infection and also to long-term consequences in pul-
monary function [45]. However, in order to transcribe and translate the protein
components of RSV for assembly, the virus must go through a dsRNA step. It is
recognition of this stage by another TLR, TLR3, that likely leads to the recogni-
tion of the infection by the host immune response. The activation of TLR3 in
dendritic cells (DC) using poly-IC (an ssSRNA mimetic) leads to production of
IL-12 and type I IFN that are required for initiation of a cytotoxic IFN-y-mediated
response [46, 47]. Recent studies from our lab using TLR3—/— mice have estab-
lished that RSV infection creates an altered immune environment that results in
the upregulation of IL-13 and overproduction of mucus [48]. Other innate mol-
ecules can also be implicated in the initiation of this response, including the two
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Fig. 1. DC recognize dsRNA (TLR3) and ssRNA (TLR7) during RSV infection and
promote antiviral responses.
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Fig. 2. Exacerbation of asthma by RSV induced chemokine production and recruit-
ment of lymphocytes and eosinophils. AHR = Airway hyperresponsiveness.
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receptors TLR7/TLRS that recognize ssSRNA as well as RIG-I, a cytoplasmic
receptor for dsRNA [49-52]. Together these molecules can mediate the
proper antiviral response by inducing type I IFNs and IL-12. Clinical studies
have suggested that one critical aspect that correlates to effective viral response
was the ability to produce sufficient IL-12 from immune cells [53]. IL-12 not
only mediates IFN-y-associated responses, but can directly be involved in
effective antiviral immunity [54-56]. In addition, these type 1 immune
responses have been shown to diminish asthma responses by altering the local
pulmonary immune environment. It may be that these important innate immune
mechanisms are inappropriately regulated in asthma due to ongoing Th2
responses.

Role of DC Subsets in RSV-Induced Exacerbation

DCs are key antigen-presenting cells that link the innate and adaptive
immune systems. Early studies demonstrated that increased numbers of DCs
are recruited to the airway of asthmatics during severe disease and that corti-
costeroid treatment could control their recruitment [57, 58]. Furthermore,
studies in animal models indicated that DCs were required for the development
of chronic eosinophil inflammation in the airway [59]. Two major DCs subsets
are the CD11b+, CD11c+ myeloid/conventional DC (mDC/cDC) and CD11b-,
B220+ plasmacytoid DC (pDC) [60]. A series of studies have outlined distinct
differences in the ability of DC subsets to induce responses. In particular, cDC
have been implicated in driving a proallergic response [61], while pDC have
been identified to block or ‘tolerize’ the pulmonary immune environment
against Th2 responses [62]. Other reports have demonstrated that pDC can
participate in or even functionally mediate antiviral responses in the lung,
either directly or indirectly through activation of other cell populations
[63—66]. Importantly, a number of studies have now shown that RSV infection
of DCs significantly alters the ability of mDC to express class I molecules,
express costimulatory molecules, preferentially express I1L-10, and impair
induction of a Th1 response [67—71]. Thus, in an ongoing RSV infection, anti-
gens (allergens) may induce a skewed Th2 response due to the alteration of DC
subset activation. Results from our own laboratory have indicated that deple-
tion of pDC from the lungs of RSV-infected mice results in an enhanced patho-
logical response with increased airway hyperresponsiveness, mucus, and
skewing toward a Th2 cytokine profile [72]. Thus, the decision to recruit the
proper DC subset into the lung during a response may be important for con-
trolling the severity of RSV infection. Studies have clearly established that
both pDC and mDC subsets are recruited to the airway during RSV infection
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and the severity of disease may depend upon the numbers of each subset that
respond to the stimulus along with the level of exposure to allergen [70, 71,
73]. Chemokine receptors on DCs play important roles for localization and
positioning the cells in the proper alignment for monitoring or responding to
infectious and noxious stimuli. In the lung, it is not clear what receptors are
involved in each phase of the process but recent studies have suggested that
CxCR3 has an important role in the movement of pDC from the Iung to the
lymph node during a respiratory viral infection [74]. Thus, activation of parti-
cular patterns of chemokines may help set up an environment for recruitment
of the correct innate immune cell populations and therefore influence the
direction of the immune response.

Chemokines and RSV Infection

Clinical studies have suggested that the severity of RSV-induced disease
correlates with the influx of leukocytes [11]. Chemokines (chemotactic
cytokines) have been shown to correlate directly to the intensity of the inflam-
matory response and can be induced by viral infection in multiple pulmonary
cell populations. In particular, a number of studies demonstrated that the levels
of CxCLS8 (IL-8), CCL3, and CCL5 produced during the RSV infection corre-
lates to the severity of RSV infection in infants [75-77]. Local alveolar
macrophage populations have demonstrated the ability to produce a number of
activating and inflammatory cytokines, such as TNF, IL-1, IL-6, and IL-8, in
response to RSV infection in vitro [78—81]. These cytokines may subsequently
activate other cells within the airway and amplify the activation responses via
cytokine networks leading to inflammation-associated damage within the air-
way. RSV-infected epithelial cells are a significant source of a number of
chemokines, including CCL2, CCL3, CCL5, and CxCL8 [82-84], the expres-
sion of which are positively regulated by NF-«kB [85]. Thus, macrophages and
epithelial cells directly, through infection with RSV, induce an amplified sys-
tem of activating and chemoattractant cytokines. It is not known whether indi-
viduals who are susceptible to severe RSV infections, versus those that are not,
have different profiles of cytokines and chemokines. However, in infants with
RSV infection high levels of chemokines relate to increased severity of the dis-
ease [86, 87]. Several of these chemokines have been associated with inflam-
matory responses in animal models of RSV infection. Domachowske et al. [88]
demonstrated that infection of mice with paramyxovirus, a virus in the same
family as RSV, induces increased CCL3 which in turn was related to granulo-
cyte recruitment. CCL5, another chemokine, has a significant impact on
the pathophysiological response both in primary RSV infection and during
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exacerbation of allergic airway inflammation enhanced by RSV [89, 90]. In
previous studies we have also found that the overproduction of mucus and
development of airway hyperreactivity is directly related to the expression and
activation of CxCR2 (an IL-8 receptor homologue) in mice [91]. In addition, an
interferon-inducible CxC chemokine, IP-10 (CxCL10), is also induced during
RSV infection [92-94] and has been identified by our lab and others to be
associated with allergic pulmonary disease [95-97]. The production of these
chemokines during RSV infection may be predominantly due to innate
molecule-mediated activation via TLR-associated responses [98—100]. Thus,
overproduction of chemokines is likely to contribute strongly to the severity of
RSV infection and may also impact on cellular recruitment during exacerba-
tions in allergic responses.

Asthma, Virus Infection, and Recruitment of T Cells

The increased incidence in asthma over recent years has been linked to
multiple factors [101, 102]. However, a disproportionate increase has been
observed in inner city children. Recent studies have identified that many of the
severe asthmatic cases in the inner city can be linked to cockroach allergen sen-
sitivity [103—105]. Similar to the house dust mite allergen (reviewed in a previ-
ous chapter), the cockroach-derived antigens appear to induce allergic
responses that lead to airway inflammation and subsequently to changes in air-
way physiology. There is substantial evidence that these allergic inflammatory
responses are driven by Th2-type cytokines including IL-4, IL-5 and IL-13
[106—-108]. The mechanisms governing the preferential recruitment and activa-
tion of these Th2 cells have been a primary focus directed at discovering thera-
peutic strategies. Recent data have indicated that in the most severe asthmatics
there is an alteration in the ratio of CD4:CD8 T cells found in the airway, such
that the ratio is significantly reduced compared to either nonasthmatics or mild
asthmatics with an increase in CD8+ T cells [109, 110]. In addition, a number
of studies have identified that CD8+ T cells play a role for the response both to
allergens and to viruses in animal models [111-114]. Thus, the role of CD8
T cells for asthma exacerbation has become an area of greater interest due to the
realization that these cells may influence Th2-type cytokines during the
response of asthmatic individuals to virus infection [110, 115, 116].
Understanding whether these individual T cell subsets observed in viral exacer-
bations of asthma are specifically contributing to disease will be important for
identifying novel targets for treatment. The recruitment of T cell subsets to the
airways appears to be differentially regulated by chemokines produced during
inflammatory responses.
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The identification of chemokines in the airways of asthmatics after aller-
gen provocation indicated that they play a significant role in the accumulation
of leukocytes [117-119]. A wide array of data within the allergic asthma field
has further defined potential chemokines and their receptors using animal mod-
els. Most of these analyses have focused on chemokine receptors on CD4+
T cells. Almost no information has defined the receptor expression on CDS8
cells and their role in asthmatic inflammation. Interestingly, there is substantial
information available that indicates that there may be preferential chemokine
utilization that relates to allergic/asthmatic responses. Along with Th2 cytokine-
driven chemokines, there may be preferential expression of chemokine receptors
on effector cells that migrate into the airway that can induce damage leading to
airway hyperreactivity. In particular, studies have demonstrated a link between
IL-13-induced remodeling and CCR1 in fungal challenge [120] and using
IL-13 transgenic mice crossed onto a CCR1-deficient background [121]. Recent
data from our laboratory demonstrate that CCR1+ CD8+ T cells are recruited
only after RSV-induced asthma exacerbation and appear to provide an impor-
tant activation role that results in increased levels of Th2 cytokines (unpubl.
data). The RSV-induced stimulation appears to provide a mechanism that drives
increased T cell recruitment through the production of high levels of CCR1-
binding chemokines, especially CCLS. Other chemokine receptors, including
CCR6 and CxCR2, may also play important roles. Thus, exacerbation of asthma
by RSV may be a result of inducing chemokines that recruit inappropriately
responding cell populations that exacerbate the asthma-like inflammation.

Closing Remarks

While the mechanisms and particular viruses that mediate exacerbation of
asthma have not been completely defined, it is likely that certain pathways are
common to multiple respiratory viral infections. These pathways likely include
the initial activation of chemokine production via innate molecule recognition
systems, such as TLRs, followed by intensification of an already existing
chronic inflammatory process. Subsequently, the activation and recruitment of
T cells that amplify and skew the immune response toward more intense pathol-
ogy, including mucus production and remodeling of the airways, are likely sce-
narios that lead to more severe disease and clinical crisis. RSV has a unique
ability to influence all of these pathways and may therefore present a particu-
larly difficult challenge. A better understanding of this process will allow a
long-term strategy for targeting specific mediators or receptors that could alle-
viate progression of acute disease episodes and chronic disease phenotypes
mediated by RSV.
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Abstract

Endotoxin, or lipopolysaccharide (LPS), is a constituent of the outer cell membrane of
Gram-negative bacteria. LPS is a highly potent proinflammatory substance, that, when
inhaled, dose-dependently causes fever, chills, and bronchoconstriction. These symptoms are
accompanied by a proinflammatory response in sputum and bronchoalveolar lavage fluid
with elevation of neutrophils, macrophages and certain cytokines/chemokines. This response
can be partially modified with certain drugs. Similar inflammatory changes are observed
both in the stable state of chronic obstructive lung disease (COPD) and during exacerbations
of this disease. Cigarette smoke, which contains bioactive LPS, is the most common cause of
COPD and may also precipitate exacerbations. In addition, the presence of Gram-negative
bacteria in the lower airways is a distinguishing feature both of stable COPD and of exacer-
bations. Based on this knowledge we argue here that inhaled LPS provocation of healthy vol-
unteers can be used as a model or COPD as well as for exacerbations of this disease.

Copyright © 2007 S. Karger AG, Basel

Introduction

Endotoxin, also designated lipopolysaccharide (LPS), is a heterogeneous
constituent of the outer cell membrane of Gram-negative bacteria [1, 2]. LPS is
continuously shed into the environment and acts as a highly potent proinflam-
matory substance. In humans, acute inhalation of LPS dose-dependently causes
clinical symptoms, including fever, chills, and bronchoconstriction. These
symptoms are accompanied by a proinflammatory response with increases of



neutrophils, macrophages and certain chemokines/cytokines in sputum and
bronchoalveolar lavage fluid (BALF) [3—6]. The increases are accompanied by
elevation of the corresponding cells in blood, as well as of acute-phase plasma
proteins such as IL-6, C-reactive protein (CRP), LPS-binding protein (LBP)
and E-selectin.

Chronic exposure of LPS in organic dust is believed to contribute to the
development of chronic bronchitis and impairment of lung function that can be
observed in certain occupational settings (cotton workers, wool processing
workers, workers in recycling plants) [7, 8]. Moreover, it has been suggested
that LPS in cigarette smoke can be a driver of disease in chronic obstructive
pulmonary disease (COPD). In addition, since the lower respiratory tract of
patients with COPD is often chronically colonized with Gram-negative bacteria
[9], it may be considered if this flora contributes to disease progression in
COPD [10-12]. Finally, since the same Gram-negative species that colonize the
airways are also implicated in exacerbations of COPD, one may hypothesize
that LPS released from rapidly dividing bacteria may contribute to the develop-
ment of exacerbations. Against this background it is not surprising that medica-
tions targeting COPD have been tested in healthy volunteers or patients after a
challenge with inhaled LPS, using an elevation of inflammatory cells and cyto-/
chemokines in the airways as endpoints.

Here we summarize the results obtained in acute LPS challenge studies in
man, with an emphasis on provocation via the inhaled route.

LPS and Lipooligosaccharide

LPS is an extremely potent stimulator of the immune system, active at
femtomole levels [1, 2, 13]. It is a large molecule consisting of a lipid and a
polysaccharide joined by a covalent bond. LPS forms a major component of
the outer membrane of Gram-negative bacteria contributing to their structural
integrity and protecting the membrane from certain kinds of chemical attack.
It may also function as an adhesion molecule. The molecule comprises three
distinct parts: polysaccharide side chains, a core oligosaccharide and lipid A.
Lipid A contains unusual fatty acids and is embedded in the outer membrane,
while the rest of the LPS projects from the bacterial surface. The core
oligosaccharide is attached to lipid A and contains unusual sugars such as
keto-deoxyoctulonate. The polysaccharide side chain (or the O-antigen) is eas-
ily recognized by antibodies and not surprisingly the O side chain is highly
variable. Consequently, the composition of the O side chain not only varies
between different Gram-negative bacterial strains but also between serotypes
within a single species.
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Most of the toxicity of Gram-negative bacteria can be associated with the
lipid A part of the molecule, since it is only this region that binds to/evokes sig-
nals via the Toll-like receptor 4 (TLR4; see below). Since the lipid A moiety is
not exposed on intact bacteria, LPS has to be released to the environment to cre-
ate damage. Such release generally occurs when bacteria are dividing rapidly or
when they are attacked by the host immune system. It should be noted that
although lipid A is the most conserved part of LPS it does show some variability
which is also reflected in the variable ability of different LPS variants to evoke a
host response through TLR4. There is evidence that different lipid A structures
are associated with human disease. Thus, Pseudomonas aeruginosa strains iso-
lated from cystic fibrosis patients have lipid A structures that are not found in
environmental isolates [14]. On the other hand evidence from the Yersinia pestis
system suggests that highly virulent Gram-negative pathogens express lipid A
variants that are poorly recognized by the human TLR4, thereby allowing eva-
sion of the immune response [15]. The variable host response to different
LPS/lipooligosaccharide (LOS) variants needs to be considered both when
choosing LPS for challenge and when discussing the role of this molecule in the
pathogenesis of COPD. Thus, Haemophilus influenzae and Moraxella cathar-
ralis, species that are of particular relevance in the context of COPD, express
LOS instead of LPS [16]. LOS is analogous to LPS and shares a similar lipid A
structure with an identical array of functional activities as LPS, but lacks O-antigen
units and its oligosaccharide is limited to 10 saccharide units.

LPS-Binding and Signalling Mechanisms

TLR4 appears to be the major, and possibly the only, cellular receptor for
LPS. Null mutations of TLR4 in mice ablate the response to LPS, and humans
with certain single-nucleotide polymorphisms in the TLR-4 gene may demon-
strate hyporesponsivess to inhaled LPS [5, 17]. TLR4 is highly expressed on
white blood cells (monocytes, neutrophils, dendritic cells), but can also be
found on endothelial cells and on the Iung epithelium.

LPS first binds to LBP, a circulating opsonin for membrane-anchored
CD14. LPS, LBP and CD14 form a ternary complex at the membrane. A
secreted protein, MD2, binds to the extracellular domain of TLR4, where it
facilitates LPS responsiveness, possibly by stabilizing TLR4 dimers. The stabi-
lized receptor complex signals via Toll homology domains through the adaptor
protein myeloid differentiation factor MyD88. The N-terminal death domain of
MyD88 undergoes homophilic interaction with the death domain of the serine
kinase IL-1 receptor-associated kinase-1 (IRAK-1) that is then autophosphory-
lated and forms a complex with TRAF6, ultimately leading to IkB activation
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and to NF-kB translocation to the nucleus. Recently, a second, MyD88-
independent, signalling route for TLR4 was discovered involving the adaptor
proteins TRIF (Toll/IL-1R domain-containing adaptor-inducing IFN-B) and
TRAM (TRIF adaptor-related adaptor molecule). This pathway initiates the
type 1 IFN response as well as a late activation of NF-kB. Together, these sig-
nalling mechanisms will result in the release of a number of proinflammatory
cytokines such as TNF-«, IL-6 and «-, B- and A-interferons as well as of
chemokines including IL-8, MIP-1a and MCP-1 [17-20].

In this context it is worth mentioning that exposure of macrophages to LPS
induces a hyporesponsive state to a second challenge with the molecule. This
tolerance may serve to limit, but not completely abrogate, the response to
chronic LPS exposure [21, 22]. Apart from tolerance LPS bioactivity can be
limited by several factors including bactericidal/permeability-increasing pro-
tein that binds LPS or by cellular uptake [23]. The effects of smoking on LPS
inactivation and clearance are unknown.

Inhaled LPS - Links to Disease

Consequences of Occupational LPS Exposure

Workers chronically exposed to cotton or grain dust have an increased
prevalence of cough and phlegm, as well as an annual decrease in lung function
compared to that of controls. These signs and symptoms have been associated
with LPS on dust particles; in particular the concentration of LPS in the inhaled
dust is more critical than the level of dust particles [7].

The epidemiological evidence is supported by experimental findings. In
vitro LPS-containing dust particles induce alveolar macrophages to release fac-
tors chemotactic for neutrophils. In in vivo models, using LPS-responding
(TLR4-positive) and non-responding (TLR4-deficient) mice, subchronic inhala-
tion of grain dust extract resulted in the development of chronic airway disease
only in TLR4-positive mice. At relevant exposure levels, repeated challenge of
animals, as well as of healthy individuals, with LPS or corn dust extract resulted
in similar symptoms and changes in airflow accompanied by increases in BAL
inflammatory cells and mediators [7].

LPS in Tobacco Smoke

There is evidence that cigarette tobacco contains high concentrations of
LPS and that the particulate phase of cigarette smoke contains sufficient levels
of biologically active LPS to cause chronic bronchitis. Using the Limulus
amoebocyte lysate assay, bioactive LPS was detected in the tobacco and filter
tip components of unsmoked cigarettes, as well as on smoke particles generated
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with an automated smoking machine. Bioactive LPS was detected in both main-
and sidestream smoke [24]. It has been shown that each smoked cigarette can
deliver 17.4 pmol of endotoxin [25], and it can be estimated that smoking one
pack of cigarettes per day delivers a dose of LPS that is comparable to the lev-
els of LPS associated with adverse health effects in cotton textile workers [24].
Cigarette smoke is also a major cause of increased levels of LPS in indoor envi-
ronments [26]. The medical consequences of this exposure are unknown.

However, it is fair to say that although systemic absorption of inhaled LPS
may occur, no differences in the blood LPS levels were detected in smokers
compared to non-smokers [24]. The reason for this is unclear, but may be due to
a fast binding of LPS to circulating proteins (such as LBP and bactericidal/
permeability-increasing protein) or to cells.

In summary, the fact that cigarette smoke contains large amounts of LPS may
contribute to the high prevalence of respiratory disorders among smokers and may
also be involved in the pulmonary health hazards caused by environmental smoke.

Chronic Bacterial Colonization of the Lower Respiratory Tract

The lower respiratory tract (below the vocal cords) is sterile in healthy indi-
viduals. However, a sizeable fraction of COPD patients are colonized in their
lower respiratory tract with Gram-negative pathogens with relatively low viru-
lence, such as M. catarrhalis and non-encapsulated (non-typable) H. influenzae
[9]. Some individuals are also carriers of Streptococcus pneumoniae, which in
general terms can be regarded as somewhat more virulent. Surprisingly little is
known about the subspecies, serotypes and the degree of encapsulation of the
S. pneumoniae strains isolated from patients with COPD. H. influenzae is by far
the most common colonizer, and can be cultured from 15-40% of the patients
[27, 28].

Analyses of sputum and BAL have suggested that otherwise healthy ciga-
rette smokers can also be colonized. However, more stringent analyses using
protected brush specimens have not been able to confirm this [29]. In fact,
available data suggest that colonization becomes increasingly common as the
disease progresses. It could therefore be argued that bacterial colonization may
be a bystander phenomenon. However, this appears less likely since it has been
described that colonization is (1) linked to a faster decline in COPD and
(2) associated with elevated markers of systemic inflammation [30, 31]. From a
mechanistic point of view, and as already pointed out, it should be emphasized
that H. influenzae and M. catharralis both produce a LOS with a lipid A moiety.
It is possible that colonizing bacteria, perhaps embedded in biofilms, have a
lower rate of replication. However, even if this is the case, for the bacteria to
stay on they must proliferate to withstand the continuous clearance by “‘unspecific’
(mucus clearance), innate (complement, phagocytosis) and adaptive (IgA, IgG)
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host defence mechanisms. Unavoidably, such proliferation is coupled to a
release of LPS/LOS into the airways. Surprisingly, to our knowledge, there has
been no attempt to quantitate the amount of LPS in the airways of colonized
versus non-colonized individuals.

Oral Cavity

A more speculative source for LPS may be the oral cavity. Thus, it has been
suggested that chronic lung disease, including COPD, may be linked to poor
dental status and in particular to periodontitis, a condition in which chronic
infection with Gram-negative species, such as Porphyromonas gingivalis, is
strongly implicated [32]. Further epidemiological investigations are required to
verify such a link.

Role of Bacteria in Exacerbations

Bacteria are believed to cause approximately 50% of the exacerbations,
alone or following virus infection [9]. The evidence supporting this statement
includes the observation that bacteria are much more frequently isolated from
patients with exacerbations than from individuals with stable disease, even
using rigorous methodology and that treatment with antibiotics is beneficial
[33, 34]. The most commonly isolated species is again H. influenzae followed
by S. pneumoniae and M. catharralis. Other Gram-negative species, such as
Enterobacteriacae and P aeruginosa, are occasionally implicated, particularly
in advanced COPD.

Here, it should be emphasized that the bacteriological investigations per-
formed so far have used conventional (~100-year-old) techniques to detect and
quantitate bacteria. Only recently has a role for ‘atypical’ species, which do not
grow under these conditions, been established in exacerbations of COPD. Thus,
in one study it was estimated that about 4% of the exacerbations was caused by
Chlamydia pneumoniae (that also produces LPS) [35]. The role of anaerobic
species, many of which are LPS-producing Gram-negative ones, is completely
unknown. It is therefore possible that the use of more up-to-date molecular
methodologies may unravel novel LPS-producing species as drivers of patho-
genesis in both stable and exacerbating COPD.

Methodology of LPS Inhalation Challenge in Humans

Technique

The LPS solution is usually prepared by dissolving Escherichia coli endo-
toxin in sterile (and endotoxin-free) 0.9% saline. Most commonly LPS prepared
from the E. coli strain 026:B6 (Sigma Chemicals, Poole, UK) has been used.
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Occasionally other strains, such as the E. coli 0:113 strain, have also been used
as the LPS source. The same saline used to dissolve the LPS is used for control
provocation [36]. Most often a breath-activated nebulizer (e.g. Mefar dosimeter
MB3, Brescia, Italy) has been used for delivery. This system delivers particles
with an aerodynamic mass median diameter of 3.4—4 pm. It has been shown
that it is important to test the actual delivery dose per breath of a particular neb-
ulizer before the experiment, and that the best practice is to inhale the total dose
in no less than 5 breaths to minimize the effect of inadvertent mistakes by the
subjects [36]. Some investigators have used an aerosol delivery system (e.g.,
Mallinckrodt Diagnostica, Petten, The Netherlands) whereby LPS is delivered
to a large-volume collapsible reservoir of 30 litres, made of static field dissipa-
tive material (RCAS 1206, Richmond Redlands, Calif., USA) [37]. Subsequently,
the entire volume of the reservoir is inhaled by tidal breathing for ~3 min
through a three-way valve system with the nose clipped.

Dosing

Although a recent study in healthy volunteers showed an increase of neu-
trophils in induced sputum with an LPS dose as low as 5 pg [4], the most com-
mon is between 40 and 60 pg [4, 38—40]. Another approach to calculate the
LPS dose is to equate to the exposure levels reached in an appropriate occupa-
tional setting [8].

There is evidence of desensitization to LPS stimulation both from in vitro
and in vivo models. The fact that individuals regularly exposed to LPS-containing
dust particles do not display daily acute symptoms supports the fact that desen-
sitization also occurs in man. However, several reports have demonstrated that a
slight escalation of inhaled LPS doses in the 0.5- to 50-pg interval does not
appear to ablate the response [4, 41].

In this context it needs to be mentioned that dosing with shorter inter-
vals than 1 week may be hazardous: dosing of rodents with two consecutive
injections of LPS 24 h apart elicits the so-called Shwartzman reaction, charac-
terized by systemic manifestations reminiscent of disseminated intravascular
coagulation [42].

Timing of the Sampling

The timing of sampling is dependent both on the compartment that is sam-
pled and the nature of the sample. To capture certain immunological markers in
sputum, such as IL-8, sampling may optimally be done already 4—6 h after the
LPS dose. In contrast, an increase in lymphocytes and some mediators will
occur at a later time point (24—48 h). Similarly, while an increase in circulating
neutrophils, or in IL-6, is evident 6-8 h after challenge, the change in acute
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phase reactants, such as CRP, will peak around 24 h [4, 39, 43]. Most sputum
biomarkers have been studied at 6 or 24 h after LPS challenge.

Methods to Sample and Measure Local Biomarkers

following LPS Challenge

Up to now most studies of biomarkers have involved analysis of sputum,
BALF or plasma. However, in this chapter we also list some other techniques
that may be considered following LPS challenge and that are of particular inter-
est since they are non-invasive [44].

Induced Sputum

The inflammatory process, and potential effects of LPS, can be studied rel-
atively non-invasively using spontaneous or induced sputum [45]. Sputum
induction is usually performed with repeated administration of an aerosol of
hypertonic saline at concentrations between 3 and 5% [45]. After each inhala-
tion, the subjects are asked to blow their nose, rinse their mouth with water,
swallow (to minimize contamination with postnasal drip or saliva) and then
cough into a clear container. The primary concern with sputum induction, par-
ticularly in patients with COPD, is safety, since inhalation of saline causes
bronchoconstriction. The occurrence of bronchoconstriction can be reduced by
using a relatively low-output ultrasonic nebulizer, which does not reduce the
success of induction, and by the inhalation of a 3,-agonist to bronchodilate. The
FEV, should be measured before and after each inhalation, and the inhalations
should be discontinued if there is a fall of >20%. Any bronchoconstriction can
be reversed by further inhalation of the bronchodilator.

It should be emphasized that sputum induction in itself can cause a tran-
sient (lasting up to 24h) sputum neutrophilia and a reduction in sputum
macrophages at 8 h [36]. Therefore, it is important not to repeat sputum induc-
tion for at least 24 h.

Exhaled Nitric Oxide

In asthma, increased exhaled nitric oxide (eNO) levels mainly derive from
the larger airways. In contrast, using a novel method for measuring eNO at sev-
eral exhalation flow rates it was demonstrated that excessive eNO was produced
in the small airways of COPD patients, and that the increase was correlated to
disease severity [46]. This is consistent with the concept that changes in the
small airways are a determinant of disease progression in COPD. It has been
shown that the eNO levels were elevated in healthy subjects after LPS inhala-
tion at 1 h and the levels remained elevated until the 6th hour [47]. It remains to
be established whether LPS causes signs of inflammation in the small airway in
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patients with COPD. If that were the case the technique would be suitable for
analyzing the therapeutic potential of pharmaceutical agents.

Exhaled Temperature and Bronchial Blood Flow

Asthma is characterized by vascular hyperperfusion, which is reflected in
elevated exhaled temperature, possibly as an index of airway inflammation
[48]. In contrast, in COPD the exhaled temperature is low [49]. This may reflect
a reduced endothelial NO release and/or an impaired pulmonary circulation.
The lack of response of the bronchial blood flow after inhalation of albuterol,
which has vasorelaxant properties, may be an indicator of the degree of tissue
remodelling in COPD. It is therefore possible that the exhaled temperature may
be used to monitor the pulmonary circulation and the extent of the ventilation/
perfusion defect in patients with COPD. The effects on exhaled temperature by
inhaled LPS in healthy volunteers and COPD patients remain to be established.

Exhaled Breath Condensate

Exhaled breath condensate is collected by cooling or freezing exhaled air.
Although the collection procedure has not been standardized, there is clear evi-
dence suggesting that abnormalities in the condensate composition may reflect
biochemical changes in the airway lining fluid [50]. For example, higher con-
centrations of total protein were found in exhaled condensate from young
smokers when compared to non-smokers [51]. Various proteins derived from
the airways (and unlikely to be contaminated with saliva) could be detected in
exhaled breath condensate by two-dimensional electrophoresis [52]. Again the
impact of inhaled LPS on these parameters will need to be established.

Inhalation of LPS - Findings in Healthy Volunteers

Effects on Systemic Signs and Symptoms

There is a considerable individual variation both in the systemic and the
local response to inhaled LPS. Factors that may influence the response include
sex and atopy/asthma. The molecular basis for the variation is not known.
However, the variation notwithstanding, both the systemic and the local
response to inhaled LPS show a dose-dependent pattern. At doses at or below
5 g the signs and symptoms of systemic reactions are few. However, when
increasing the dose above 5 g symptoms and signs of toxicity appear. The
most common symptoms include chills/shivers, malaise, myalgia and fatigue.
Headache, nausea and diarrhoea can also occur. These symptoms usually
appear 812 h after dosing [4]. Signs include fever, which may be seen as early as
60 min postchallenge. The temperature usually peaks at ~7 h, with a maximum
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elevation up to 0.7°C, and returns to normal values after 24 h [36]. An impact on
cardiovascular parameters, such as pulse rate and blood pressure, is also not
uncommon [36]. It is therefore important to keep the subjects under observa-
tions with repeated hourly assessment of symptoms and vital signs, including
body temperature, blood pressure and FEV,, for at least 8 h. Subjects may then
be allowed home and re-attend 24 h after the LPS challenge for re-evaluation.

Effects on Systemic Biomarkers

Inhalation of LPS (40 wg) caused a doubling of blood neutrophils and
myeloperoxidase at 24h [39]. Similarly, 50 wg of LPS caused blood neu-
trophilia both at 6 and 24 h although the elevation was more marked at 6 h. In
contrast, for CRP, LBP and soluble E-selectin, the increases were more evident
after 24 h [40, 41]. Michel et al. [4], apart from noting increased neutrophil and
CRP levels (already after 5 pg), found that 50 wg of inhaled LPS caused an
increase of circulating monocytes and lymphocytes. Following provocation
with 50 g increased levels of CRP could also be measured in urine [4].

Following segmental instillation of LPS, neutrophils and lymphocytes, but
not monocytes, were increased in the circulation. In addition, mediators such as
G-CSF, IL-6 and IL-1 receptor agonist were increased, as were the acute phase
reactants CRP and serum amyloid A [43].

Whether the systemic response is due to amplification of proinflammatory
signals through airway cells or whether it results from a mere leakage of LPS
into plasma is not clear. The observation that inhaled LPS challenge in healthy
subjects caused increased levels of the 16-kDa Clara cell protein (CC16) may
support the second alternative, since the presence of this protein in the circula-
tion may be regarded as a non-invasive test of the alveolocapillary barrier
permeability [6].

Respiratory Symptoms and Effects on Lung Function

LPS inhalation causes breathlessness and dry cough in a substantial num-
ber of individuals following dosing of =40 wg. Infrequently, cough with
phlegm and chest tightness can also occur [39].

Objectively inhalation of LPS affects lung function in both normal subjects
and asthmatics. The data on dose dependency from different investigators are
not entirely in agreement. Thus, Kline et al. [3] reported that a subset of healthy
individuals reacted with a 20% decline in FEV, following 6.5 g of inhaled
LPS, whereas another subset of individuals had FEV, values above 90% even
after 40 wg. In contrast, other investigators found that doses of LPS up to
100 pg had very limited effect on FEV, in normal subjects [38]. Some of these
inconsistencies may be attributable to differences in the protocols, but, as
mentioned previously, there is a possibility that the differences may be due to a
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variability in the response to LPS, including differences in TLR4 binding
and/or signalling.

Effects on Local Biomarkers

Sputum

Similar to what is the case in COPD, the response to LPS provocation is
dominated by an increase in neutrophils and to some extent in monocytes.
Given the dominating neutrophilic response it is not surprising that there is an
elevation of myeloperoxidase and matrix metalloproteinase-9, both major com-
ponents of neutrophilic granules. Again, these observations are consistent with
the findings in COPD. In addition, several mediators, including TNF-«, IL-6
and IL-8, have been described to be increased both following LPS challenge
and in COPD [4, 39—41, 53]. There are also reports of increases of lymphocytes
in sputum [39]; the different patterns observed may reflect sampling at different
time points after provocation.

Bronchoalveolar Lavage

Similar to sputum, inhaled LPS caused an increase in neutrophils in BALF
3h after inhalation, but unlike sputum there was no increase in monocytes/
macrophages or lymphocytes [54]. This is consistent with the results by Maris
et al. [38], who in addition to elevation of neutrophils found that the levels of
neutrophil degranulation products such as myeloperoxidase and elastase were
increased. Similar to in sputum (and in COPD), mediators, such as the cytokines
IL-6 and TNF-a and the chemokine IL-8, were increased [38].

LPS also appears to induce a local imbalance in coagulation versus fibrinoly-
sis in the BALF of healthy subjects. Thus, procoagulant factors, such as the throm-
bin-antithrombin complex, factor VIla, and tissue factor were increased
concomitantly with an increase of the antifibrinolytic factor PAI-1 [38, 55]. Again,
similar changes have been observed in sputum from patients with COPD [56].

O’Grady et al. [43] instilled healthy volunteers with LPS at 1-4 ng/kg into
one lung segment and saline into the contralateral segment. This procedure was
followed by a collection of BALF at 2, 6, 24 or 48 h. Endotoxin instillation
resulted in a focal and systemic inflammatory response with a distinct time
course. There was an early elevation (at 2—-6h) of neutrophils, and of some
cytokines including TNF-a, TNF receptors, IL-13, and IL-6 as well as of the
chemokines IL-8, MCP-1, MIP-1a, and MIP-1. In a later phase (2448 h) neu-
trophils, macrophages, monocytes, and lymphocytes were all increased, whereas
most of the mediators, apart from the TNF receptors and L-selectin, had returned
to the basal levels. The methodology has also been used to study the effect of an
anti-MCP-1 antibody on cellular influx in patients with COPD (see below) [57].
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Findings in Smokers and COPD

There are only a limited number of studies involving LPS challenge in habit-
ual smokers and COPD patients. LPS caused a rise in differential and absolute
neutrophil counts and IL-8 in sputum at 6 h after challenge of both smokers and
non-smokers [58]. In smokers these biomarkers remained elevated at 24 h. In
addition, at 6 h after LPS inhalation, the levels of 8-isoprostane in exhaled breath
condensate were higher in smokers compared to non-smokers. NF-kB activation
was increased at 6 h after LPS in sputum macrophages from both healthy individ-
uals and from smokers [58]. It is worth noting that disease severity in COPD was
associated with an increased epithelial expression of NF-kB [59]. One may there-
fore speculate that inhaled LPS challenge will mimic an acute COPD exacerbation
of bacterial origin and may induce a cascade of events resulting in NF-«kB induc-
tion and activation, cytokine and chemokine production and further inflammatory
cell infiltration. The recent demonstration that therapeutic intervention can modu-
late a relevant cellular influx induced by LPS further supports this notion [57].

Testing Drug Properties in the LPS Challenge Model

In the following we provide some examples from the literature where the
LPS model has been used to study the effects of anti-COPD drugs, in healthy
volunteers, smokers and COPD patients.

Salmeterol

Maris et al. [38] studied the impact of pretreatment with the inhaled
B,-agonist salmeterol (100 pg given 30 min before exposure) on the recruit-
ment of cells and mediators in BALF following inhalation of LPS (100 wg). The
measurements were performed 6h post inhalation. Salmeterol reduced LPS-
induced neutrophil influx as well as degranulation of the neutrophils, as moni-
tored by myeloperoxidase and the drug also reduced the TNF-a levels.

These findings are at odds with a report by Wallin et al. [54] who failed to
find an effect of salmeterol 50 g twice daily for 3 weeks (last dose 1-2h
before the provocation) on the increased levels of neutrophils in BALF seen
after inhaled LPS (50 p.g). The reason for the discrepancy is unclear.

In another publication, Maris et al. [60] reported that salmeterol, either
with or without LPS inhalation, enhanced markers of fibrinolysis in BALEF, but
did not influence LPS-induced changes in coagulation.

PDE4 Inhibitors
Recently, it was demonstrated that the oral PDE4 inhibitor cilomilast
(15 mg, once daily, for 6 days) failed to reduce airway inflammation (in sputum)
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induced by inhaled LPS in healthy subjects [40]. Local measurements included
TNF-a, which is known to be efficiently inhibited by cilomilast in several pre-
clinical in vitro and in vivo models. LPS-induced elevation of CRP in plasma
was attenuated by cilomilast but the effect was not statistically significant ver-
sus controls [40]. While the lack of effect on the local response of cilomilast
was surprising it is not entirely without precedence; although PDE4 inhibitors
were effective on the increase of systemic TNF-a following intravenous (i.v.)
administration of LPS in rats the drug was found to be ineffective when LPS
was administered intratracheally in this species [61].

Corticosteroids

Oral prednisolone (10mg, once daily, for 6 days) significantly reduced
acute systemic inflammation as measured by CRP in healthy subjects subjected
to 50 g of inhaled LPS [40]. However, this treatment also failed to reduce air-
way inflammation in sputum induced by inhaled LPS [40]. In contrast, a 6-day
treatment with 20 mg/day methylprednisolone was able to restore the alveolo-
capillary barrier permeability defect caused by inhaled LPS, as measured by
intravascular leakage of CC16 [6]. These data suggest that oral glucocorticoids
reduce the systemic LPS exposure through alveolocapillary leakage, but pro-
vide little benefit to the local proinflammatory reaction of inhaled endotoxin.

Anti-MCP-1

The segmental LPS instillation approach described by O’Grady et al. [43]
was recently used to evaluate the effect of a systemically administered anti-
MCP-1 monoclonal antibody (ABN912) on cellular recruitment to the bronchi
in a group of individuals with mild COPD (Gold stage 1) [57]. The patients were
treated with the antibody, or placebo, and after 10 days a segmental challenge
with LPS was performed using saline challenge in another segment as control.
Analysis of the cellular recruitment to BALF from the challenged segments after
24h demonstrated that the antibody was able to attenuate the influx of mono-
cytes into the airways of COPD patients, and in particular following LPS chal-
lenge. These data are very encouraging, and certainly provide proof of mechanism,
but will require benchmarking against clinical outcomes for validation. Once
available such validation may also apply to the LPS model as such.

Other Routes of Administration

Intranasal Challenge
The focus on the lung in COPD ignores the anatomic continuity between
the lower and upper airway. The epithelium reacts in a similar way to noxious
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stimuli and there is a correlation between the degree of inflammation in the
upper and lower airways of COPD patients [62]. Indeed, COPD patients had a
high prevalence of nasal symptoms (75%), and more than half reported nasal
discharge (52.5%) as well as sneezing (45.9%) [63]. Although no significant
relationship was found between nasal symptoms and FEV, in COPD, signifi-
cant associations were demonstrated between nasal score and daily sputum
production. There was also a trend to increased nasal symptoms in frequent
exacerbators compared to infrequent exacerbators [63]. A possible mechanism
for cross-talk between the upper and lower airways in COPD patients has
recently been suggested, as an increased nasal concentration of IL-8 was
related to the levels of this neutrophil chemoattractant in the lower airway [62].
Recently, a small increase in several inflammatory markers, including IL-8 and
soluble TNF-a factor receptor 75 (STNF-R75), in nasal lavage fluid was regis-
tered as part of the response to airborne endotoxin in cotton workers [64].
These changes were accompanied by a reduction in the lung function during a
6-week exposure. The findings may have implications for the use of the nose
as a model of the lower airway in COPD patients, suggesting that local
intranasally introduced LPS challenge may be a safer alternative to inhaled
LPS challenge.

i.v. Administration

Administration of LPS through the i.v. route replicates many of the fea-
tures of Gram-negative sepsis, including fever, release of inflammatory medi-
ators (IL-6, IL-8, TNF-a, and many others), leucocytosis dominated by
neutrophilia and an increase in acute phase proteins, such as CRP and serum
amyloid A [65]. In addition i.v. LPS also induces a change in haemostasis
favouring a procoagulative, antifibrinolytic state, resembling the early
intravascular changes occurring in severe sepsis [66]. Endotoxin impacts the
systemic circulation, inducing a hyperdynamic cardiovascular state with a
reversible depression of the left ventricular function. Moreover, systemically
administered LPS causes mild and reversible changes in lung function, an
increased respiratory frequency, decreased inspiratory time, a widened alveolar-
arterial oxygen tension gradient, dyspnoea and a decreased FEV, [67]. The i.v.
LPS model has therefore been widely used in early clinical studies with new
anti-inflammatory or antisepsis drugs. For example, eritoran (E5564), a lipid A
analogue that functions as a TLR4 antagonist, reduced a number of LPS-
induced systemic phenomena, including elevation of temperature, chills, myal-
gia, tachycardia, and increased levels of CRP, white blood cells and plasma
cytokines [68].
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Conclusions

Cigarette smoke, which contains LPS, is the most common cause of COPD

and may also precipitate exacerbation of this disease. In addition, Gram-
negative bacterial presence in the lower airways is a distinguishing feature of both
stable and exacerbating COPD. LPS induces similar inflammatory changes in
sputum and BALF as can be observed both in stable and exacerbating COPD,
including elevation of neutrophils and mediators typically controlled through
the TLR4 signalling pathway. Findings in early clinical trials support the utility
of the LPS model, demonstrating that certain compounds can modify the
response to inhaled LPS.
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Abstract

Chronic obstructive pulmonary disease (COPD) exacerbations are common events that
punctuate the natural history of COPD contributing to disease severity progression and being the
major cause of COPD-related morbidity and mortality. Currently available pharmacological
strategies are only partially effective at reducing or preventing COPD exacerbations. Viral infec-
tions are the most frequent cause of COPD exacerbations. The recent development of a human
experimental model of rhinovirus-induced COPD exacerbations represents an innovative tool
with the potential to increase our understanding of the inflammatory and immunological mech-
anisms that lead COPD patients to exacerbate after respiratory virus infections. Moreover this
model will provide the opportunity to test, in a carefully controlled setting, novel pharmacologi-
cal compounds with a potential for treating and preventing COPD exacerbations. In this chapter
we will focus on the role of viral infections in COPD exacerbations and will discuss preliminary
reports regarding the development of this human model of virus-induced COPD exacerbation.

Copyright © 2007 S. Karger AG, Basel

Introduction

The clinical history of chronic obstructive pulmonary disease (COPD) is
characterized by recurrent episodes of increased in dyspnoea, cough or sputum
production sufficient to warrant a change in management. These events are
named exacerbations and are a common occurrence in many COPD patients.
The frequency of COPD exacerbations increases with increased severity of the



disease [1-3]. In addition to increasing COPD-associated morbidity and mor-
tality, exacerbations contribute to loss of lung function and impaired health
status in COPD patients [4—7]. Thus treatment and prevention of COPD exacer-
bations are fundamental to the management of COPD. Nevertheless the available
pharmacological treatment of COPD is only partially effective in preventing
COPD exacerbations.

COPD exacerbations are caused or triggered by a variety of factors includ-
ing bacteria, viruses, air pollutants and changes of temperature and are associ-
ated with acute worsening of the pre-existing lower airway inflammation. In the
last decade the development of highly sensitive diagnostic tools has provided
strong evidence that respiratory viral infections are one of the major causes of
COPD exacerbations. Nevertheless, the immunological and inflammatory
mechanisms that lead to exacerbation in COPD patients after respiratory viral
infections are almost unknown.

The development of a human in vivo model of virus-induced COPD exac-
erbation is a fundamental step towards the knowledge of these mechanisms pro-
viding an invaluable tool to highlight and to test novel pharmacological targets
for treating and preventing virus-induced COPD exacerbations.

Virus Infection in COPD

COPD exacerbations are associated with an increased number of activated
inflammatory cells in the sputum and a changed pattern of proinflammatory and
anti-inflammatory mediators released into this compartment [7-9]. Through
influencing the inflammatory response respiratory viral infections may enhance
the pathological processes associated with cigarette smoking and contribute to
the lung pathology and loss of lung function associated with COPD. The type
and the degree of activation of the different inflammatory cells recruited to the
lung during COPD exacerbations have not been well characterized.

CD8+ T lymphocytes, infiltrating both central [10] and peripheral airways
[11], are a hallmark of COPD inflammation. These cells are further increased in
the sputum during exacerbations [12]. Among the possible causes of CD8+
recruitment in the airways, chronic viral infection of the lungs has been sug-
gested to be important. Particular attention has been given to the possible role
of latent adenoviral infection in the pathogenesis of stable COPD. Adenoviral
DNA sequences encoding the E1A protein are increased in the lung tissue of
COPD patients as compared to smokers with normal lung function, suggesting
that latent adenoviral infection may occur in the lungs of COPD patients [13].
Moreover, in COPD patients with emphysema the presence of adenoviral E1A
protein in the alveolar epithelial cells was related to the severity of the
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emphysematous lesions and the number of CD8+ cells infiltrating the lung
[14]. These observations are consistent with the hypothesis that a persistent
intracellular pathogen such as adenovirus may be capable of amplifying ciga-
rette smoke-induced inflammation, possibly through interaction of viral pro-
teins (such as E1A) with proinflammatory transcription factors [e.g. nuclear
factor-kB (NF-kB) and activator protein-1 (AP-1)] [14]. Recently it has also
been documented that COPD patients in whom respiratory syncytial virus was
repeatedly detected in sputum over 2 years had faster lung function decline
[15]. Taken together these data indicate that in response to repeated/latent viral
infections, an excessive recruitment of CD8+ T lymphocytes may occur in the
tracheobronchial tree. The CD8+ driven inflammation can damage the lung in
susceptible smokers leading to COPD progression [16].

The use of highly sensitive diagnostic methods such as polymerase chain
reaction (PCR) to evaluate the association between respiratory virus infections
and COPD exacerbations has shown that viruses are responsible for a much
higher proportion of exacerbations than was previously realized. In a study of
the East London COPD cohort, PCR was used to detect rhinovirus in nasal and
sputum samples from COPD patients during an exacerbation and when clini-
cally stable [17]. Twenty-three percent of exacerbation samples were positive
for rhinovirus compared to 0% when clinically stable. These data clearly indi-
cate that, at variance with bacteria in which a chronic colonization can be pre-
sent also in the stable state, rhinovirus infection is important in inducing
exacerbation. In a further study virus was detected in 39% of exacerbations, the
most common being rhinoviruses that accounted for 58% of viruses [18].

A high virus detection rate has also been reported in hospitalized patients.
A respiratory virus was detected in around 50% of patients with severe COPD
exacerbation admitted to hospitals in Germany and in Italy, with rhinovirus
again being the most common [19, 20]. In patients with COPD requiring intu-
bation and mechanical ventilation virus was identified in 47% of patients [21].
Together, these data indicate that respiratory virus infection is associated with a
substantial proportion of COPD exacerbations, with rhinovirus being the most
frequently identified virus.

A recent study has addressed the relative importance of viral versus bacte-
rial infections to the aetiology of severe (hospitalized) COPD exacerbations.
Viral and/or bacterial infection was detected in 78% of COPD exacerbations,
with viruses in 48.4% (6.2% when stable) and bacteria in 54.7% (37.5% when
stable). Patients with exacerbations of infectious aetiology required longer hos-
pitalizations and demonstrated a greater impairment of several measures of
lung function than patients with non-infectious exacerbations. Moreover, the
most severe exacerbations were those in which viral and bacterial co-infection
was detected [20]. Similar results also have been found in studies of COPD
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exacerbations in outpatients [22]. Indeed patients, in whom both bacterial and
viral pathogens were detected, had increased inflammatory markers in sputum
and a greater lung function fall as compared to patients in whom a single
pathogen was detected. However, the relationship between viral and bacterial
infection, especially when combined, needs to be further studied. In particular it
needs to be established whether viral infection can pave the way for exacerba-
tion by bacteria colonizing the lower respiratory tract of COPD patients.

Mechanisms of Virus-Induced COPD Exacerbations

At variance with asthma in which several in vitro and in vivo studies have
investigated the mechanisms that lead to exacerbation after viral infection of the
airways [23, 24], very few data are available for COPD.

Inflammatory Mechanisms

During COPD exacerbations several inflammatory mediators are increased
in the airways over baseline levels. Moreover COPD patients with more fre-
quent exacerbations have higher sputum levels of the inflammatory markers
interleukin-6 (IL-6) and IL-8 even when stable [25], suggesting that there may
be proinflammatory effects of exacerbations that persist after the acute episode
has resolved. Little is known about the inflammatory mediators specific to
virus-induced COPD exacerbations. One study has found an increased sputum
level of IL-6 in viral-associated acute episodes as compared to non-viral exac-
erbations [17]. Recently the simultaneous presence of both rhinovirus and
Haemophilus influenzae at exacerbations has been associated with an increased
level of serum IL-6 suggesting that viruses and bacteria can synergistically
interact to increase the severity of the inflammation [22].

The major group of rhinoviruses (accounting for 90% of total rhinovirus
types) attaches to airway epithelium by binding to the intercellular adhesion mole-
cule 1 (ICAM-1) [26]. Interestingly, thinovirus infection induces expression of its
own receptor [CAM-1 [27, 28], which may promote inflammatory cell recruitment
and activation. There is evidence for upregulation of ICAM-1 in the bronchial
mucosa of patients with chronic bronchitis [29]. Upregulation of ICAM-1 may
increase infectivity and lead to an augmented inflammatory response.

Cellular Mechanisms

The type of inflammatory cells recruited to the lung during COPD exacer-
bations has not been fully clarified. Very few studies have analyzed bronchial
biopsies at exacerbations due to the difficulties of carrying out an invasive pro-
cedure in acutely ill patients. Two studies using bronchial biopsies during
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exacerbations of chronic bronchitis from a single cohort of patients reported a
prominent airway eosinophilia at exacerbation together with an increased num-
ber of neutrophils and T lymphocytes in the exacerbated group compared to the
stable patients [30, 31]. A recent study has shown an increased number of neu-
trophils in sputum during exacerbations and the increase was independent of
the type (bacteria or virus) of infectious agent detected. The same study docu-
mented that virus-induced COPD exacerbations with or without concomitant
bacterial infection are associated with an increased number of sputum eosinophils,
suggesting that sputum eosinophilia could be a marker of viral infection during
COPD exacerbations [20].

Interestingly, increased sputum CD8+ T lymphocytes have been reported
during COPD exacerbations with a relative reduction in the ratio of interferon-y
(IFN-v)/IL-4 expressing CD8+ T lymphocytes [12]. Thus, a switch towards a
T helper 2 (Th2)-like immunophenotype during COPD exacerbations could
trigger recruitment of eosinophils, a classical effector cell recruited during Th2-
mediated immune responses, during virus-induced COPD exacerbations.

Oxidative Stress and Proinflammatory Intracellular

Signalling Pathways

COPD is associated with increased oxidative stress that is believed to play a
central role in the disease pathogenesis. Oxidants could represent a key intracel-
lular mediator of virus-induced cellular activation. Interestingly, in vitro oxidative
stress can induce activation of NF-kB and AP-1, two pivotal regulators of the
inflammatory processes. NF-kB is activated in sputum macrophages during
COPD exacerbations [32]. Rhinovirus infection induces increased production of
superoxide anion in bronchial epithelial cells and this event is a crucial step for
the activation of NF-kB and the following production of proinflammatory
cytokines, chemokines and adhesion molecules [33]. Reducing agents inhibit
both rhinovirus-induced oxidant generation and inflammatory mediator produc-
tion and release. These data suggest that the inhibition of intracellular oxidative
stress may be a potential therapeutic target for the treatment of virus-induced
COPD exacerbations [33].

Susceptibility to Virus Infections in COPD Patients

There is solid evidence of impaired innate [34, 35] and possibly acquired
[36, 37] immune responses to viral infection in asthmatic patients. Whether
COPD patients are more susceptible to virus infection as compared to normal
subjects is still debated. A recent study documented that patients with frequent
(>2.5/year) COPD exacerbation have more frequent episodes of naturally
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occurring colds as compared to patients with infrequent exacerbations [38].
These results suggest that COPD subjects with frequent exacerbations may rep-
resent a subgroup particularly susceptible to viral infections, but they do not
determine whether this susceptibility relates to the general COPD population.
Intriguingly patients experiencing frequent colds had a significantly higher
exposure to cigarette smoke [38]. Recently, using a murine model of cigarette
smoke exposure, it was demonstrated that virus infections in combination with
tobacco smoke decreased the number of dendritic cells in the lung and also
altered the costimulatory molecule expression profile on these cells that are
believed to be fundamental to the initiation of adaptive immune response [39].
In the same study it was also found that mice exposed to smoke after adenovirus
infection had a decreased T cell-mediated antiviral immune response, as docu-
mented by reduced infiltration of activated CD4 and CD8 T cells, in the lungs
[39]. Thus cigarette smoke, possibly via alteration of both innate and adaptive
immune responses, can contribute to the increased susceptibility of COPD
patients to viral infections [40].

Another possible mechanism leading to increased susceptibility is related
to upregulation of ICAM-1, the receptor for the major group of human rhi-
noviruses. Latent expression of adenoviral E1A protein in alveolar epithelial
cells of patients with pulmonary emphysema may increase ICAM-1 expression
and this could be a potential mechanism for a greater susceptibility to rhi-
novirus infection of COPD patients [14].

Finally, solid evidence exists that the surface of the bronchial mucosa of
patients with stable COPD is chronically colonized with bacteria, and the bacte-
rial load is related to the intensity of the airway inflammation and to disease pro-
gression [41]. Moreover patients with a history of frequent exacerbations have a
higher incidence of bacterial colonization. Thus, given that viral infections are
one of the most frequent causes of COPD exacerbation these results indicate that
chronic bacterial colonization could contribute to the increased susceptibility of
COPD patients to viral infection, for example by increasing ICAM-1 expression
on the surface of the bronchial epithelial cells [42]. Further studies are required
to investigate the interaction between chronic bacterial colonization and respira-
tory viral infection and in particular whether chronic bacterial colonization can
increase viral infection susceptibility or alternatively whether viral infection can
increase the airway bacteria load leading to COPD exacerbations.

In vivo Model of Viral-Induced COPD Exacerbation

In vitro data document that respiratory virus infection can lead to COPD
exacerbation via the production of several proinflammatory molecules that are
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relevant to the pathogenesis of COPD exacerbation [28, 43-45]. However,
although in vitro models can provide important insights into the molecular
mechanisms of inflammatory and immune responses to viral and bacterial
infections, the in vitro data require validation using in vivo models.

Bacterial infections have been considered important causes of COPD
exacerbations for a long time. Nevertheless, while several mechanisms (e.g.
induction of mucus hypersecretion [46], reduction of ciliary beat frequency
[47] and enhancement of neutrophilic inflammation [48]) have been proposed
to explain how bacterial infection can trigger COPD exacerbations, no animal
model of bacteria-induced COPD exacerbation is available. Until recently this
was also true for viral exacerbations.

Carrying out studies of naturally occurring COPD exacerbations has proved
difficult for a number of reasons including non-reporting of exacerbations by
patients, lack of baseline data before exacerbations, wide variation in aetiology,
variation in timing of sampling relative to onset of exacerbation and finally car-
rying out invasive airway investigations in acutely unwell patients, which is dif-
ficult and may jeopardize their health. One way to overcome these obstacles is
the development of a human experimental model that would allow studies to take
place under controlled conditions. The first step towards the development of
such a model has recently been realized [49] with the reporting of the first study
evaluating the effects of an experimental rhinovirus infection in COPD patients.

In this pilot study mild to moderate COPD patients were selected for experi-
mental infection with the purpose (1) of evaluating whether the procedure is safe
in patients with mild to moderate COPD (mean FEV, was 74.8% predicted) and
(2) of providing preliminary data on whether experimental rhinovirus infection in
COPD patients is per se sufficient to trigger an exacerbation. As safety was the
prime concern, a very carefully designed rhinovirus dose escalation study was
performed in a small (n = 5) group of subjects to determine the minimum dose of
virus able to induce clinical colds in 80% (4 out of 5) of the inoculated subjects.
Surprisingly, all of the first 4 patients exposed to the initial lowest dose of rhi-
novirus inoculum experienced not only cold symptoms but also lower respiratory
tract symptoms characteristic of a COPD exacerbation associated with a signifi-
cant fall in lung function [49] as occurs with naturally occurring exacerbations
[50]. The severity of the exacerbations induced was graded mild to moderate, thus
achieving the primary aim of the study to show that experimental rhinovirus
infection could be safely carried out in mild to moderate COPD patients.

This model also showed that experimental rhinovirus infection can cause
exacerbation in COPD patients and has the potential to provide a valid model of
naturally occurring COPD exacerbation. In COPD this is so far the only sce-
nario in which a specific aetiology has been experimentally proven to induce
exacerbation.
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Fig. 1. Upper (URT) and lower (LRT) respiratory tract symptoms following an in vivo
rhinovirus experimental infection in COPD patients. A 3- to 4-day gap between the peak of
cold symptoms and the peak of lower respiratory symptoms was documented [49]. This data
suggests that if an effective antiviral or anti-inflammatory treatment could be given at the
onset of cold symptoms, this could possibly change the clinical outcome of the viral infection
in COPD.

Two potentially important preliminary observations arose from this study:
(1) COPD patients developed colds and exacerbations with 100- to 1,000-fold
lower doses of virus than used in previous studies in asthmatic and normal vol-
unteers, and (2) there was a 3- to 4-day gap between the peak of cold symptoms
and the peak of lower respiratory symptoms [49] (fig. 1). These data suggest
that COPD patients may be highly susceptible to virus infection and that if an
effective antiviral or anti-inflammatory treatment could be given at the onset of
cold symptoms, this could possibly change the clinical outcome of the viral
infection in COPD. These preliminary findings clearly require confirmation in
a larger study of COPD patients.

In a similar experimental model it has recently been documented in asth-
matic patients that the severity of the virus-induced exacerbations, both in
terms of symptoms, lung function reduction and inflammation in the airways,
was inversely related to the production of a novel class of interferons called
IFN-A [35]. An impaired innate immune response can therefore be one of the
mechanisms of increased susceptibility of asthmatic patients to respiratory viral
infections. The new model in COPD will give the opportunity to test whether
similar or different immune deficiencies are present in COPD, and if so,
whether modulation and/or restoring of the immune response could represent a
plausible pharmacological approach to treat/prevent COPD exacerbations.

To further validate the results achieved in the in vivo experimental model
in COPD and to investigate more deeply the mechanisms of viral-induced
COPD exacerbations, a larger study has recently been undertaken and preliminary
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findings published in form of an abstract [51]. In this study 21 subjects (10 mild
COPD patients and 11 age- and smoking-matched controls) have been enrolled.
The results confirm that the model is feasible and safe. Symptomatic colds
were accompanied by lower respiratory tract symptoms in both groups with
breathlessness increasing significantly only in the COPD group. Interestingly,
at variance with smokers with normal lung function, sputum neutrophils signif-
icantly increased in COPD patients following experimental infection. These
data indicate that experimental rhinovirus infection in COPD induces symp-
toms, lung function changes and systemic and airway inflammation similar to
that observed in naturally occurring exacerbations supporting, for the first time,
a causal relationship between rhinovirus infection and COPD exacerbations.
The development of such an experimental model, in which causation is clearly
defined and in which detailed clinical studies on mechanisms of disease can be
carried out, will offer an invaluable tool to increase our understanding of the
specific immunological and inflammatory events that lead COPD patients to
exacerbate after viral infection. Moreover this model will offer the possibility to
highlight and to test novel pharmacological targets able to treat and/or prevent
viral-induced COPD exacerbations.

Conclusions

COPD is a major health problem worldwide with rising prevalence and
mortality. The major morbidity, mortality and health care costs of COPD are
due to exacerbations [52].

Thanks to the development of highly sensitive diagnostic tools, respiratory
viruses have emerged as a leading cause of COPD exacerbations. The mecha-
nisms responsible for respiratory virus-induced COPD exacerbations are still
largely unknown.

The recent development of the first human model of virus-induced COPD
exacerbation [49] will facilitate identification of novel pharmacological targets
that will provide opportunities to develop new treatments for COPD exacerbations.
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Abstract

Recent years have seen an explosion of animal models of cigarette smoke-induced
chronic obstructive lung disease (COPD). Almost all of these have concentrated on the
induction and prevention of emphysema. Neutrophils and neutrophil elastase,
macrophages and macrophage-derived metalloproteases, lymphocytes, TNF-a, and oxi-
dants have all been shown to play a role in the pathogenesis of emphysema in animal mod-
els, and interventions using either knockout mice or drugs have indicated possible
preventive/therapeutic avenues. There is less in the way of models of smoke-induced small
airway remodeling and almost nothing is known of its pathogenesis. Cigarette smoke has
been shown to induce vascular remodeling and pulmonary hypertension in laboratory ani-
mals, and these mechanisms are beginning to be understood. A major limitation of existing
animal models is that most produce relatively mild disease (no more severe than corre-
sponding to the GOLD 2 stage of human COPD), and none of the models show the smoke-
independent progressive disease seen in humans with GOLD 3 or 4 COPD. There are no
models of cigarette smoke-induced chronic bronchitis in animals and there are no models
of acute exacerbations of COPD.

Copyright © 2007 S. Karger AG, Basel

Introduction

Chronic obstructive pulmonary disease (COPD) is now the fourth leading
cause of death in Europe and North America, and produces extensive morbidity
as well, with considerable cost to health care systems worldwide. Despite exten-
sive analysis of lungs from humans with COPD, there was until recently a sur-
prising dearth of animal models of the various components of this disease. We
produced what in retrospect was the first laboratory animal model when we
showed in 1990 that guinea pigs exposed to cigarette smoke on a daily basis



developed both emphysema and pulmonary hypertension [1]; in the last 10 years
an increasing number of investigations using chronic cigarette smoke exposure
of rats, mice, and guinea pigs have been published.

This paper briefly reviews the findings of these chronic exposure models.
To correspond to human disease, we have divided the models into those that
produce emphysema, those that produce small airway remodeling (SAR), and
those that produce pulmonary hypertension. We limited this review to models in
which anatomic changes (mostly emphysema) are found after smoke exposure,
which in practice means relatively long-term exposures.

It is important to note at the outset a major limitation of almost all existing
animal models; namely, that the disease they produce is generally relatively
mild, equivalent at most to the morphological changes seen in human GOLD
(Global Initiative on Chronic Obstructive Lung Disease [2]) stage 1 or 2 dis-
ease. This is a serious limitation, because the majority of morbidity and mortal-
ity in COPD occurs in patients with GOLD stage 3 or 4 disease (i.e., FEV,
<50% predicted), but the type of severe emphysema or severe SAR found in
GOLD stage 3 or 4 patients simply cannot be reproduced in animals. In part this
problem may arise from the practicalities of producing animal models: a
6-month experiment, which is generally required to observe any significant
emphysema in mice or guinea pigs, is long and expensive in terms of research
budgets, but even extending the smoking period to 12 months does not produce
dramatic disease in guinea pigs [1]. Moreover, in advanced GOLD stage
patients, COPD typically progresses even after the patient stops smoking, but
this phenomenon has not been reproduced in animal models.

Models of Emphysema: Pathogenesis and Interventions

Anatomic Patterns of Emphysema

Most animal models of emphysema produce dilated alveolar ducts (fig. 1),
an anatomic pattern reasonably similar to the centrilobular emphysema that is
the most common form found in human cigarette smokers. Studies from our
laboratory using scanning electron microscopy suggest that in fact the parenchyma
between the alveolar ducts is also abnormal, with increases in size and number
of the pores of Kohn that connect adjacent alveoli [3]; this phenomenon is again
similar to what has been found in the lungs of human cigarette smokers [4, 5].
We have also demonstrated that while there is an initial decrease in alveolar col-
lagen shortly after the commencement of smoke exposure, long-term exposure
increases the amount of alveolar collagen fibers [6].

Since the lesions produced in laboratory animals are never large enough to
see with the naked eye, and can be subtle even on microscopic examination, the
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Fig. 1. Comparison of lung parenchyma between control guinea pigs () and those
exposed to cigarette smoke (b) for 6 months. Note the enlarged alveolar ducts and alveoli in
the smoke-exposed animals.

severity of emphysema is assessed by a morphometric measure of airspace size,
most commonly mean linear intercept (Lm), or surface to volume ratio [see 7 for
a review]. The increase that is found in Lm varies dramatically from laboratory
to laboratory, and appears to be dependent on the type of cigarette used (the
older high tar cigarettes such as University of Kentucky 2R1s produce more
severe lesions than newer low tar or filtered cigarettes), smoking machine (each
machine delivers quite different amounts of smoke), smoking regime, and
species; thus each laboratory must do careful controls, and comparisons among
laboratories are not straightforward; indeed, different laboratories smoking the
same strain of mice for the same length of time report not only differences in Lm
but differences in the amount of inflammation [compare for example 8 and 9].

In our experience guinea pigs are generally more sensitive to the effects of
smoke than are mice, although this varies considerably by mouse strain (see
below), and rats are the least susceptible. We generally find an increase in Lm
of about 30—40% after 6 months of smoke exposure. Arguably one might do
better to measure only alveolar ducts, since that is the major site of the abnor-
mal lesion, and when we looked at the volume proportion of alveolar duct air in
C57Bl/6 mice exposed to smoke for 6 months, we found an 88% increase, com-
pared to a 38% increase for Lm [8]. However, measurements of alveolar duct air
present greater morphometric problems.

While most reports of mice exposed to smoke have described predomi-
nantly alveolar duct enlargement, Takubo et al. [10] found that mice genetically
deficient in «;-antitrypsin (pallid mice) developed a pattern of airspace
enlargement that was reasonably similar to human panlobular emphysema; this
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anatomic abnormality was accompanied by measurable increases in compli-
ance, as opposed to C57B1/6 mice which had enlarged alveolar ducts but no
compliance changes. Emphysema in the pallid mice developed earlier than in
the C57 mice, but was no more severe at 6 months than in the C57 mice
(in terms of increases in Lm). The pallid mice but not the C57 mice had a T cell
inflammatory infiltrate in the alveolar walls. Cavarra et al. [11] also found that
pallid mice developed emphysema in a panlobular pattern. Interpretation of
these findings is not straightforward because pallid mice develop a pattern of
mild panlobular emphysema even without smoke exposure [10, 11], but, since
a,-antitrypsin is the major anti-(serine) protease in the lower respiratory tract,
in many senses they do support the original protease-antiprotease hypothesis of
smoke-induced emphysema (see below).

Interventions

Serine Protease Inhibitors

The observations that humans deficient in o;-antitrypsin developed early
onset emphysema, particularly if they smoked, and that emphysema could be
produced in laboratory animals by instillation of elastases, lead to the protease-
antiprotease hypothesis. In short this says that smoke evokes an inflammatory
infiltrate in the lower respiratory tract, and that these inflammatory cells release
proteases that overwhelm the local antiproteolytic defenses, allowing prote-
olytic degradation of the alveolar wall matrix and the eventual development of
emphysema.

The protease-antiprotease hypothesis is generally accepted (although it has
been challenged by other theories such as failure of lung maintenance [12]), but
the crucial inflammatory cells/proteases are the subject of considerable debate.
In its original formulation, the neutrophil and neutrophil-derived proteases, par-
ticularly neutrophil elastase, were considered the major culprits. Although some
investigators now downplay the neutrophil elastase in favor of macrophage-
derived metalloproteases, animal models of emphysema show clearly that the
neutrophil is involved. The fact that animals deficient in «;-antitrypsin develop
more severe emphysema after smoke exposure compared to animals with nor-
mal o -antitrypsin levels has been alluded to above. Conversely, exogenous
augmentation of lower respiratory tract anti-serine protease levels provides par-
tial protection (up to 70%) against smoke-induced emphysema (table 1): this
has been shown for both «;-antitrypsin itself, whether administered by
intraperitoneal injection [13] or inhalation [14], and a synthetic neutrophil elas-
tase inhibitor [15]. Further, mice with targeted deletion of the neutrophil elas-
tase gene also are partially (59%) protected against emphysema [16] (table 1).
Sixty to 70% protection against emphysema should not be regarded as a useless
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Table 1. Protection against emphysema in various mouse models (measured as protection against
increases in Lm)

Emphysema protection, %

Serine elastase inhibitors/interference with neutrophil elastase

Neutrophil elastase knockout (mice) [16] 59
o -Antitrypsin (injected; mice) [13] 63
o;-Antitrypsin (inhaled; mice) [14] 72
ZD0892 (guinea pigs) [15] 45
Metalloprotease inhibitors/interference with metalloproteases

MMP inhibitor GM6001 (mice) [35] 90
MMP-12 knockout [15, 17] 100
MMP inhibitor RS113456 (mice) [20]° 100
MMP inhibitor RS132908 (mice) [20] 75
MMP inhibitor CP-471,474 at 2 months® (guinea pigs) [19] 100
MMP inhibitor CP-471,474 at 4 months® (guinea pigs) [19] 30
Selective MMP-9/MMP-12 inhibitor (Churg unpubl.; guinea pigs) 70
Anti-inflammatory treatments/genetic manipulations

TNF-a receptor I/II knockout (mice) [8] 71
PDE4 inhibitor roflumilast (mice) [25] 100

aStarted after 3 months of smoke exposure.
Alveolar area measured.

result, since that degree of protection in humans would probably be of consid-
erable clinical benefit, but the fact that complete protection is not present indi-
cates that other mechanisms beyond just serine proteases are involved.

Metalloproteases

In the last 15 years there has been increasing recognition that matrix met-
alloproteases can degrade elastin, and increasing documentation of the fact that
human lungs with emphysema and alveolar macrophages derived from these
lungs produce enhanced amounts of a variety of metalloproteases [reviewed
in 17]. The most convincing evidence for a role for metalloprotease in emphy-
sema comes from the work of Shapiro and colleagues [18] who showed that
mice with targeted deletion of MMP-12 (macrophage metalloelastase) were
100% protected against cigarette smoke-induced emphysema (table 2). Studies
using synthetic metalloprotease inhibitors have also provided protection, but of
more variable degree (table 2).

Exactly which metalloproteases are important in humans is an open question,
particularly since the role(s) of cognate metalloproteases varies considerably
across species, and not all species have the same metalloproteases; mice and rats,
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Table 2. Effects of antioxidant interventions on Lm after chronic smoke
exposure

Increase or protection

Transgenic CuZnSOD mice [22] 100% protection

Nrf2 knockout mice [23] 314% greater than wild type (6 months)

Nrf2 knockout mice [24] 53% greater than wild type (6 months)

High antioxidant levels 9% increase (not statistically significant)
(ICR mice) [11] at 7 months

for example, lack a true MMP-1, a collagenase. Selman et al. [19] found only min-
imal protection (30%) at 4 months using a broad spectrum metalloprotease inhibitor
in guinea pigs; however, we observed that a selective MMP-9/MMP-12
inhibitor provided about 70% protection in guinea pigs after 6 months of smoke
exposure [Churg et al., unpubl. data] (table 1). This finding is of particular
interest, since it suggests that MMP-9 and MMP-12 are crucial to the develop-
ment of emphysema in a nonmurine species, implying that they may also be of
major importance in humans. An additional important observation was made by
Martin et al. [20] who showed that late intervention with a broad spectrum met-
alloprotease inhibitor, RS113456, prevented further progression of emphysema
in mice, but we were unable to show any benefit of late intervention with the
serine elastase inhibitor, ZD0892. Since humans are likely to be treated at a rel-
atively late stage (or at least not from their first cigarette), a treatment that
arrests emphysema progression will be crucial.

Oxidant Protection or Enhanced Sensitivity

Cigarette smoke is a highly concentrated source of oxidants, both reactive
oxygen species and reactive nitrogen species. There is considerable evidence for
oxidative stress in cigarette smokers [21], but the exact contribution of oxidants
and oxidative damage to emphysema in humans is unclear. However, recent ani-
mal data suggest that oxidant protection does play an important role (table 2).
Cavarra et al. [11] showed that ICR mice, which increased their levels of lavage
antioxidant protection, did not develop emphysema, whereas C57Bl/6J and
DBA/2, which decreased their levels of antioxidant protection, did. Foronjy et al.
[22] reported that mice transgenic for human CuZnSOD were completely protected
against emphysema and showed decreased neutrophil influx as well as decreased
levels of the oxidation markers 3-nitrotyrosine and 8-hydrodeoxyguanosine.
Ragasamy et al. [23] and lizuka et al. [24] utilized mice with targeted deletion of
Nrf2, a transcription factor that induces a variety of detoxifying and antioxidant
elements under the control of the antioxidant response element. Both sets of
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authors found that Nrf2—/— mice developed earlier and more severe emphysema
compared to wild-type controls, along with increased evidence of oxidative stress
and increased lavage neutrophil activity. A particularly interesting observation
was the fact that both o -antitryspin and secretory leukoprotease inhibitor pro-
duction were decreased in Nrf2 mice, raising the question of whether the crucial
process is oxidant protection or serine protease protection.

Inflammatory Mediators

As noted above, most investigators believe that persisting inflammation is
the crucial driving force behind emphysema and where this has been measured,
the antiproteolytic and antioxidant interventions noted above have generally
reduced smoke-evoked inflammation.

A number of papers have been published that specifically address inflamma-
tory cell chemoattractants in long-term models. Churg et al. [8] showed that mice
lacking TNF-a receptors I and II were about 70% protected against emphysema
compared to wild type after 6 months of smoke, implying that TNF-a-driven
inflammation is important in emphysema. In addition, the knockout mice were
completely protected against smoke-induced increases in MMP-2 and MMP-9,
but only partially protected against MMP-12, 13 or 14, suggesting that these
enzymes might be responsible for the remaining 30% of airspace enlargement.

Phosphodiesterases (PDE) are enzymes that degrade cyclic nucleotides.
PDE4 in particular degrades cyclic 3',5'-adenosine monophosphate, an anti-
inflammatory substance. Martorana et al. [25] treated mice with the PDE4
inhibitor, roflumilast, and showed that the drug completely protected against
emphysema in a dose-response fashion, and decreased, but did not completely
abrogate, macrophage influx.

Statins are 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors that are generally used as lipid-lowering agents. Statins also have
a number of other properties including anti-inflammatory and antioxidant
effects. Lee et al. [26] reported that treatment with simvastatin completely abro-
gated cigarette smoke-induced emphysema in Sprague-Dawley rats and also
reduced peribronchial and perivascular inflammation. However, the authors
claimed a 74% increase in Lm after 4 months of smoking; in our experience it
is impossible to achieve this increase in Lm in rats (or for that matter in any
other genetically intact species), even with 6 or 12 months of smoke exposure,
and we suggest that enthusiasm for using this drug as an intervention be tem-
pered until its effects have been firmly established.

Other Strain Differences in Mice
It is apparent from the comments above that strain differences in mice play
a major role in the development or failure of development of emphysema
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Table 3. Increases in Lm by mouse strain compared to nonexposed mice
of the same strain

Increase in Lm, %

ICR[11] 9 (not statistically significant; 7 months)
DBA/2 [11] 26 (7 months)

C57Bl/6 [11] 14 (7 months)

NZW [9] —11 (not statistically significant; 6 months)
C57Bl/6 [9] 13.2 (6 months)

A/ 9] 17.9 (6 months)

SJ/L [9] 23.2 (6 months)

AKR/J [9] 38.0 (6 months)

(table 3). Guerassimov et al. [9] exposed 5 different strains, NZWLac/J,
C57BL6/J, A/J, SI/L, and AKR/J, to smoke for 6 months and found that they
could be divided into three groups: resistant strains (NZW) that showed no
increase in either Lm or compliance, partially susceptible strains (C57BL6/J,
A/J, and SJ/L) that showed an increase in Lm but not in compliance, and a
highly susceptible strain (AKR/J) that demonstrated increases in Lm, compli-
ance, inflammatory cells, and Th1 cytokines. These findings support the idea of
a genetic basis for cigarette smoke susceptibility, as do the data of Cavarra et al.
[11] mentioned above. The results of Guerassimov et al. may also imply that
coinfections are important mediators of COPD development, since ARK/J mice
have an integrated viral genome and are naturally viremic (and in fact all
develop hematopoietic malignancies).

Autoimmunity or Acquired Immunity to Tobacco Constituents

as a Cause of Emphysema

A recent hypothesis proposes that progression in emphysema may be
mediated by the development of autoimmunity to smoke-modified (oxidized)
proteins or to matrix fragments resulting from smoke-induced inflammation,
and/or the development of antibodies against one or more smoke constituents.
Van der Strate et al. [27] reported that B cell follicles with an oligoclonal,
antigen-specific reaction were present in C57 mice chronically exposed to
cigarette smoke, and that the development of the follicles was progressive over
time and correlated with the amount of emphysema. However, there is no
evidence that the disease of these animals progresses after stopping smoke
exposure, again emphasizing the failure of laboratory animal models to recapit-
ulate severe COPD in humans.
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Fig. 2. Comparison of airways between control guinea pigs (@) and those exposed to
cigarette smoke (b) for 6 months using a picrosirius red stain. Collagen appears black. Note
the increase in collagen and smooth muscle in the smoke-exposed animals.

Models of SAR (Small Airway Disease)

SAR is an important cause of airflow obstruction in humans with COPD,
but little is known about SAR in animal models of chronic smoke exposure.
Whereas it is possible to see emphysema on casual observation of microscopic
sections from these animals, in our experience one cannot reliably separate the
small airways from smoke-exposed and control animals by simple examination,
although as in humans, individual airways can demonstrate significant struc-
tural remodeling (fig. 2). However, morphometric measurements of the airway
wall indicate that SAR does indeed occur in the mouse and guinea pig, and fur-
ther that the major abnormality in guinea pigs is an increase in collagen rather
than muscle [Wright, unpubl. observations]. Of note, the selective dual MMP-9/
MMP-12 inhibitor mentioned above completely prevented the development of
SAR in guinea pigs [Churg, unpubl. observations].

Models of Pulmonary Hypertension

Remodeling of the pulmonary arterial vasculature occurs in human smok-
ers, and is characterized by intimal fibrosis, muscular hypertrophy and adventi-
tial fibrosis in the usually muscularized arteries, and by extension of smooth
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Fig. 3. Comparison of the small, normally poorly muscularized vessels adjacent to the
alveolar ducts between control guinea pigs (a) and those exposed to cigarette smoke for 6
months (b) using a smooth muscle actin immunohistochemical stain. Note that the vessels in
the smoke-exposed animals are fully muscularized.

muscle into the usually partially muscularized vessels causing them to become
completely muscularized.

The guinea pig animal model demonstrates vascular remodeling with
chronic smoke exposure, and this is associated with increased pulmonary arter-
ial pressure [28] (fig. 3). We have shown that the increased pulmonary arterial
pressure cannot be ascribed to capillary destruction [29], but instead appears to
be related to direct smoke-mediated increases in production of vasoactive medi-
ators, including endothelin and VEGEF, in the vessel walls [30] and subsequent
vessel muscularization. We have recently demonstrated increased metallopro-
teinase mRNA, protein, and activity in the vessels of mice exposed short-term
to cigarette smoke [31]. Interestingly, administration of the serine elastase
inhibitor ZD0892 reduced vascular remodeling [32] in the guinea pig.

Models of Chronic Bronchitis and Exacerbations

Compared to humans, bronchial glands are sparse in mice, rats, and guinea
pigs, and they are generally limited to the proximal portion of the trachea. As well,
there is much less of a tendency for these animals to develop goblet cell metaplasia
with smoke exposure, although this is somewhat strain and species dependent.
Guinea pigs do exhibit goblet cell metaplasia of at least a modest degree [33],
whereas C57 mice have only minimal alterations [25], and in our experience, rats
have only slightly greater metaplasia in the small airways than C57 mice.
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Interestingly, in the guinea pig, smoking cessation reduces the metaplasia [34]. The
relative paucity of bronchial glands and goblet cells is probably responsible for the
failure of any investigators to produce a model of human chronic bronchitis.

Along this line, the other major lack is the absence of models of acute
exacerbation. This is an important phenomenon in humans and a major source
of both morbidity and mortality. The problem is most likely related to the mild
disease that can be produced in animals, because acute exacerbations are typi-
cally seen in humans with advanced COPD, and may also be related to the pres-
ence of excessive mucus production.

Conclusions

During recent years a number of in vivo models to study the pulmonary
changes evoked by chronic exposure to cigarette smoke, the predominant cause
of COPD, have been developed. From these models a role in emphysema devel-
opment for different immune cell types, such as neutrophils, macrophages and
lymphocytes, as well as for various mediators, including neutrophil elastase,
macrophage-derived metalloproteases, and TNF-a, have been established. In
contrast, up to now these models have supplied limited information with respect
to SAR, a distinguishing feature of COPD in humans. The challenge for further
development of in vivo smoke models will be to incorporate features outside
emphysema development, including SAR, excessive mucus production and
exacerbation.
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Abstract
Modeling acute exacerbations of chronic obstructive pulmonary disease (AECOPD) in
animals has proven challenging due to the clinical and pathological complexity of the under-
lying disease. This has hindered the progress in understanding the cellular and molecular
mechanisms that lie beneath AECOPD. In this chapter, we will address modeling possibili-
ties of AECOPD that may be drawn from the current knowledge of factors that cause exacer-
bations. Importantly, since it is widely accepted that the most common causes of AECOPD
are viral and bacterial infections, animal models of AECOPD should incorporate both the
causative agents of exacerbation: viruses and bacteria. However, other factors that are also
believed to determine both progression of COPD, as well as the frequency and severity of
AECOPD, such as proteolytic enzymes, cigarette smoke or other noxious stimuli must also
be considered. Such animal models will provide mechanistic insight into the etiology of
AECOPD and will prove invaluable in furthering our understanding of key events in disease
pathogenesis.
Copyright © 2007 S. Karger AG, Basel

Introduction

Animal models are important tools for elucidating mechanisms of disease
pathogenesis, for identifying novel therapeutic targets, and for preclinical
screening of intervention strategies. Modeling acute exacerbations of chronic
obstructive pulmonary disease (AECOPD) in animals has proven challenging
due to the clinical and pathological complexity of the underlying disease. This
has hindered the progress in understanding the cellular and molecular mechanisms
underlying AECOPD. In this chapter, we will address modeling possibilities



that may be drawn from the current knowledge of factors that cause exacerba-
tions, and determinants of exacerbation frequency and severity.

COPD Exacerbation

Clinically, AECOPD is viewed as a sustained worsening of symptoms from
the patient’s stable COPD state, beyond normal day-to-day variations, which
necessitate a change in medication [1]. Symptoms may include increased dysp-
nea, wheezing, chest tightness, cough, and changes in the level, color and/or
tenacity of sputum [2]. Unfortunately, this clinical definition of AECOPD is of
limited guidance for the development of animal models.

COPD is not a single disease but rather a syndrome whose functional and
clinical hallmark is progressive and largely irreversible airflow limitation [2]. In
an individual patient, varying degrees of chronic bronchitis, bronchiolitis, and
emphysema contribute to this chronic airflow limitation [3—5]. Various approaches
have been used to model the histopathological features of COPD. These have
included exposing animals to cigarette smoke or inflammatory stimuli, instill-
ing proteolytic enzymes into the airways, and the study of spontaneous gene
mutants and knockout strains [reviewed in 6—10]. Typically, these studies have
addressed single aspects of COPD, such as inflammation, emphysema, or
mucus production, but have failed to recapitulate the entirety of the COPD syn-
drome. Because we lack a comprehensive model of COPD, it is impossible to
model AECOPD as a worsening of COPD. As a solution to this inherent prob-
lem, we have to consider the individual factors that are associated with COPD
and AECOPD, and subsequently incorporate them either independently or in
combination into animal models.

It is widely accepted that the most common causes of AECOPD are viral
and bacterial infections [11-14]. Hence, animal models of AECOPD should
incorporate the causative agents of exacerbation, namely viruses and bacteria.
In addition other factors that may both be determinants for the progression of
stable disease, and in some cases probably also of AECOPD, such as noxious
stimuli, including cigarette smoke and susceptibility factors, such as genetic
perturbation of the protease-antiprotease balance, need also to be included.

Determinants of Exacerbation Frequency and Severity

COPD is found almost exclusively in smokers; over 80% of all cases are
attributable to active smoking, and an additional 10% are believed to be due to
exposure to environmental tobacco smoke [15]. Notably, patients with COPD,
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especially in the early stages of disease, typically continue to smoke. These
patients often suffer from greater sputum production and increased episodes of
coughing than do patients who cease smoking [16], which is understood to be
associated with more frequent exacerbations. In view of this, cigarette smoking
is an important component of AECOPD models, not only as an etiologic factor
for COPD itself, but also as a determinant of exacerbation frequency and sever-
ity. Addressing the effect of cigarette smoke exposure on exacerbation-causing
bacterial and viral infections in animals may provide insight into the mecha-
nisms underlying AECOPD and may lead to the development of more complete
models.

In addition to the association between smoking and increased risk of viral
and bacterial infection, clinical evidence shows a relationship between lower
airway bacterial colonization and exacerbation frequency [17]. Why microbial
agents colonize the lower respiratory tract, normally a sterile compartment, is
unclear and will be discussed in more detail later in this chapter. Similarly, bac-
terial colonization may impact the susceptibility to secondary viral and bacter-
ial infections, or alter the ensuing immune-inflammatory responses, through
mechanisms that are still poorly understood.

The severity of the stable COPD state is an important factor of exacerba-
tion frequency. It has been postulated that changes within the diseased lung
such as increased mucus production, thickening of the epithelium, or changes
in epithelial cell integrity, and parenchymal damage, all of which become more
marked with disease progression, may predispose COPD patients to microbial
infection [18]. Similarly, the lung function in patients suffering from COPD
may have deteriorated to an extent that relatively minor changes in lung func-
tion brought on by microbial infections may be clinically manifested as exacer-
bations. Complicating these issues is the fact that relatively little is known about
how viral and bacterial infections affect lung function. Thus, understanding the
underlying pathology of viral and bacterial infections and their consequences to
lung function both in healthy and diseased lungs becomes increasingly impor-
tant to the study of mechanisms leading to AECOPD.

Modeling Bacterial Exacerbations

Bacterial infections have been estimated to cause half of all AECOPD
[12]. The most commonly isolated bacteria during episodes of AECOPD are
nontypeable Haemophilus influenzae, Moraxella catarrhalis and Streptococcus
preumoniae, while in patients with more severe disease progression, invasive
bacteria such as Pseudomonas aeruginosa or Chlamydia pneumoniae may be
isolated [12]. As previously mentioned, even during stable disease bacteria are
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frequently detected in the lungs of COPD patients [19-21]. This has made the
precise role of bacterial infections in AECOPD controversial, as bacteria iso-
lated during episodes of AECOPD may either be from infection or colonization.
However, recent studies have elegantly shown that AECOPD in colonized indi-
viduals is often associated with the acquisition of a new strain of bacteria [22],
which is also linked to the appearance of antibodies specifically directed
against the new bacterial strain [23]. Animal models of bacterial infection or
colonization in AECOPD should therefore include not only drivers of COPD
such as cigarette smoke exposure and persistent bacterial colonization, but also
strains of bacteria that are capable of causing exacerbation.

Cigarette Smoke and Bacterial Agents

Cigarette smoke has been demonstrated to compromise various aspects
of the immune system. For example, cigarette smoke can cause impaired
mucociliary clearance [24], decreased levels of both the phospholipid fraction
and surfactant-associated proteins A and D of the surfactant system [25, 26],
impaired alveolar macrophage phagocytosis, killing and cytokine induction
[27-36], and disruption of the epithelial cell barrier [37, 38]. All of these con-
sequences of exposure to smoke may contribute to an impaired antibacterial
immune response in smokers, and by extension, to bacterial exacerbation of
COPD.

Numerous studies have examined the effect of cigarette smoke exposure
on responses to bacterial antigens. More specifically, mediators of the adaptive
immune response such as the ex vivo production of Thl-type cytokines have
been shown to be attenuated by smoke [34, 35]. In contrast the inflammatory
response to an innate stimuli such as lipopolysaccharide may be heightened
in vivo [39]. These studies serve to identify some of the pathways affected by
cigarette smoke, elucidate mechanisms contributing to chronic inflammation,
and provide a basic scientific framework to develop and test therapeutic targets.
The limitation of these experimental approaches, however, is that they ignore
the intricacy associated with infection by live, replication-competent bacteria.
During bacterial infections numerous bacterial antigens are present, including
constituents of bacterial cell walls such as peptidoglycan and lipopolysaccha-
ride, as well as lipoproteins, lipoteichoic acids, flagella, and toxins. These anti-
gens stimulate pattern recognition receptors of resident innate cells, including
Toll-like and Nod-like receptors, resulting in the production of proinflamma-
tory cytokines and chemokines. In turn, neutrophils and monocytes/ macrophages
are recruited from the circulation and activated, resulting in local inflammation.
Accordingly, the immunosuppressive effects of cigarette smoke may in fact
propagate inflammatory processes by delaying bacterial clearance, driving tis-
sue pathology and progressive airway obstruction.
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As early as the 1960s, in vivo studies demonstrated that bacterial clearance
was delayed from the airways of cigarette smoke-exposed animals [40-43].
This is indicative of cigarette smoke predisposing to bacterial infection or colo-
nization. Work previously done in our lab with P aeruginosa has shown that
mice exposed to cigarette smoke demonstrate a delayed rate of bacterial clear-
ance as compared to sham-exposed mice [44]. This study also demonstrated
that delayed clearance was associated with a skewing of the innate inflamma-
tory response: the increased bacterial burden was associated with increased air-
way and tissue inflammation despite evidence of suppressed alveolar macrophage
function. Furthermore, we observed increased levels of proinflammatory
cytokines and chemokines, myeloperoxidase, proteases, and perhaps most
importantly, these changes were associated with a significant deterioration of
the animals’ health status. In this model, exposure to cigarette smoke alone did
not result in changes in the health status of mice or cause overt lung inflamma-
tion, indicating that the observed differences were due to the combined effects
of bacterial infection and cigarette smoke exposure. Furthermore, the exacer-
bated inflammatory response was only observed when mice were inoculated
with live bacteria; similar responses were observed between sham- and smoke-
exposed mice following inoculation of inactivated bacteria. While this model
lacks many of the clinical hallmarks of COPD, including chronic inflammation
and airspace enlargement, it does demonstrate the complexity of the effects of
cigarette smoke on innate antibacterial responses and the importance of using
replicating infectious agents to model AECOPD.

Proteases and Bacterial Agents

Proteolytic enzymes, such as macrophage or neutrophil elastase, are impor-
tant components of the antibacterial defense and are induced during immune
responses. Proteolysis is further involved in cell recruitment and repair during an
active infection or during the resolution of an infection [45]. Although proteolytic
enzymes are essential for normal lung biology and defense, dysregulated expres-
sion may lead to tissue remodeling/destruction and disease [46]. This is of partic-
ular interest in conditions such as emphysema and COPD, where an imbalance
between proteases and antiproteases has been implicated as an important factor
leading to disease [47].

The most commonly used experimental model for the study of emphysema
is achieved by instilment of elastase into the airways [48]. In this model, airspace
enlargement has been shown to be dependent both on the enzyme’s proteolytic
activity and the inflammation that ensues as a result of the chemoattractive prop-
erties of degraded elastin fragments [49, 50]. There are few studies investigating
the effect of elastase-induced emphysema on the antibacterial immune response
as a model for AECOPD. However, recently, Inoue et al. [51] demonstrated that
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while control mice survived, mice instilled with elastase before inoculation with
S. pneumoniae died in a dose-dependent manner, likely as a result both of exces-
sive pulmonary and of systemic inflammation. These results indicate that under
experimental conditions resembling emphysema, acute bacterial defense is
impaired, resulting in excessive inflammation. Given that one of the clinical hall-
marks of COPD is airspace enlargement, especially in late stage disease, this
may contribute to the observed increases in bacterial infections and inflamma-
tion, as well as to the development of persistent bacterial colonization.

Inflammation has been suggested to be one of the driving forces underly-
ing airspace enlargement. The combination of impaired antibacterial immune
responses and a dysregulation of the protease/antiprotease balance may fur-
ther contribute to tissue damage and disease progression. Along these lines,
we observed greater proteolytic activity in the lungs of cigarette smoke- com-
pared to sham-exposed mice following inoculation with P aeruginosa [44].
The increased proteolytic burden was likely a reflection of the increased
inflammation observed in these mice, as it was not observed in mice exposed
to cigarette smoke only. Collectively, these findings indicate that cigarette
smoke and bacterial infection have synergistic effects on airway damage, and
that the damage may be mediated through effects on proteolytic activity. Such
findings further underscore the importance of understanding the concurrent
effect of cigarette smoke, protease regulation, and infection on mechanisms
leading to AECOPD.

Bacterial Colonization

Bacterial colonization is believed to contribute to the pathogenesis of
COPD by inducing a chronic inflammatory state thereby driving a progressive
airway obstruction. Moreover, it has been shown to attenuate subsequent
immune responses, which might perpetuate colonization or lead to a permanent
inability to clear the pathogen [35]. Although an important hallmark of disease,
bacterial colonization has been an understudied aspect of COPD in animal
models, primarily because it is difficult to select relevant microbial species;
pathogens which will colonize experimental animals often lack clinical applic-
ability, while the clinically relevant pathogens do not often colonize animals.

When used to inoculate mice, pathogens and serotypes associated with
AECOPD including nontypeable H. influenzae [52], M. catarrhalis [53], and
P aeruginosa [44] are cleared within a few days at most, and the elimination
does not require the induction of major adaptive immune responses for clear-
ance. S. pneumoniae has been shown to persist in some models [54], but not in
others [55].

Several strategies have been pursued to prolong the persistence of these
bacteria in the airways, including coupling them to agarose beads or another
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suitable medium [56], and the implantation of bacterium-coated tubing into the
airways [57]. Although these methods prolong the pathogen’s persistence in the
airways, they do not obviate the fact that the bacterium is not actually colonizing
the host. Alternatively, some murine respiratory pathogens, or human pathogens
that have been adapted to murine systems, have been employed in models,
which may shed light on AECOPD. Bacteria including Mycoplasma pulmonis [58],
Neisseria meningitidis [59], Bordetella parapertussis and B. bronchiseptica
[60, 61], and some isolates of S. pneumoniae [54] are all capable of colonizing
the murine airway for significant periods of time under experimental condi-
tions, and may therefore become useful as models for studying the impact of
cigarette smoke on colonization and the consequences of colonization to respi-
ratory host defense.

Alternatively, bacteria which would otherwise be noncolonizing can
become colonizing agents in immunocompromised hosts [62]. The use of trans-
genic animals or immunodepleted hosts is an intriguing avenue for AECOPD
research, as COPD patients may, in some respects, be viewed as immunocom-
promised. However, although useful for studying aspects of disease, this
approach requires a detailed understanding not only of all the effects of a given
gene deletion, but also of the immune status of COPD patients in order to cor-
rectly interpret data generated.

As previously mentioned, the bacteria most frequently associated with
AECOPD is H. influenzae, an exclusively human bacterium found commen-
sally in a large proportion of the population [12]. While modeling and compar-
ing different strains of H. influenzae in animals are challenging because of the
lack of infectivity in species other than humans [52], Chin et al. [53] recently
tested the hypothesis that strains of H. influenzae associated with AECOPD
induce more inflammation in mice than strains associated with asymptomatic
colonization. Strains of H. influenzae associated with AECOPD or with colo-
nization were inoculated into C57BL/6 mice in an in vivo model of airway
infection. In this model, AECOPD-associated strains resulted in increased air-
way neutrophil recruitment that based on further in vitro experiments was likely
mediated via increased induction of IL-8 and activation of the NF-kB and
MAPK signaling pathways. These results indicate that strains of H. influenzae
isolated during episodes of AECOPD may have different virulence compared to
those isolated during stable disease, leading to augmented inflammation upon
infection. Although this study did not address the consequences of cigarette
smoke on inflammatory processes following inoculation with these bacterial
strains, we speculate that cigarette smoke exposure would further exacerbate
the inflammatory response.

While the antigens and virulence factors that lead to these differences have
not been identified, studies such as these provide insight into mechanisms of
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airway inflammation observed during AECOPD. Moreover, they point to the
importance of modeling different bacteria and environmental stimuli to under-
stand the cellular and molecular mechanisms underlying both progression of
stable COPD and exacerbations of this disease.

Modeling Viral Exacerbations

Several current studies have shown that as many as 40-60% of AECOPD
are associated with respiratory virus infections [14, 63, 64]. In one study, a res-
piratory virus was detected in 56% of patients with COPD admitted to a hospi-
tal in Germany [65]. The major viruses that cause upper and lower respiratory
tract infections and that are implicated in AECOPD include rhinovirus, respira-
tory syncytial virus, coronavirus, adenovirus, influenza A and B, and parain-
fluenza [14, 63, 64]. Among these, rhinovirus, the cause of common cold, is
currently considered to be the most important trigger of COPD exacerbations
[66]. As many as half of all colds during the peak fall cold season are estimated
to be a result of rhinovirus infection [67]. Unfortunately, developing animal
models to study rhinovirus infection has been met with some difficulties; rhi-
novirus is highly specific and does not recognize ICAM-1 from species other
than humans [68]. Since this virus has significant implications in AECOPD,
further work is warranted to develop animal models for the study of this virus.

Similar to the antibacterial host defense, cigarette smoke has been shown
to compromise antiviral host defense mechanisms and increase the risk of res-
piratory viral infection. The incidence of influenza virus infection is increased
in a smoking compared to a nonsmoking and nonimmunized population [69]. In
addition, in vitro experiments from the 1980s suggested that the innate immune
response, specifically that mediated by type I interferon is impaired upon expo-
sure to cigarette smoke [70—72]. Taken together, these studies suggest that ciga-
rette smoke affects innate antiviral immune defense mechanisms required to
combat viral pathogens; hence, incorporating cigarette smoke into models of
viral infections is essential for the understanding of virally induced AECOPD.

Adenoviruses have also been detected in AECOPD. DNA coding for the
adenoviral E1A protein has been found in excess amounts in the lungs of
patients with COPD when compared to controls matched for age, sex, and
smoking history [73]. Adenoviral DNA has been shown to persist after acute
infection, and viral E1A protein is expressed in lung epithelial cells long after
the virus has stopped replicating [73, 74]. Retamales et al. [75] have shown that
the excess inflammation observed in the lungs of smokers with severe emphy-
sema is associated with increased numbers of alveolar epithelial cells express-
ing E1A. Importantly, Meshi et al. [76] showed a marked amplification of the
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cigarette smoke-induced inflammatory response and an increase in emphyse-
matous lesion formation in guinea pigs with latent adenoviral infection when
compared to noninfected controls. In mice, we have shown that cigarette smoke
exposure was associated with attenuated T cell activation and decreased pro-
duction of neutralizing antibodies following administration of a replication-
deficient adenoviral construct [77]. This study may suggest that tobacco
smoke-induced impairment of adaptive antiviral immunity contributes to the
persistence of E1A protein in patients with COPD, although additional studies
are required to provide direct evidence.

Recently, Behzad et al. [78] have determined the role of adenovirus infec-
tion in inducing epithelial-mesenchymal transformation, an important feature
of tissue remodeling. Remodeling processes contribute to (or cause) the
obstruction of the small airways. This process is associated with a gradual
decline in forced expiratory volume in 1 s, an important feature of COPD that is
also linked to the progressive nature of the disease [3]. The authors demon-
strated that adenovirus E1A is the key in epithelial-mesenchymal transforma-
tion of primary lung epithelial cells derived from guinea pigs [78]. Taken
together, these data suggest a role for adenoviruses in COPD pathogenesis and
illustrate the need for further research of these models, specifically examining
the underlying molecular implications cigarette smoke may have on virus-
mediated AECOPD.

Influenza A and B viruses have also been shown to be important respira-
tory viral infections leading to AECOPD. In one study of a nonimmunized pop-
ulation between the ages of 60 and 90, rates of influenza infection in smokers
were approximately 23% as compared to 6% in nonsmokers [69]. The relative
contribution of this virus to AECOPD is thought to be less serious in regions
that now offer influenza immunizations to patients with lung disease; however,
it is still an important consideration as exacerbations may occur at times of
influenza epidemics. In addition, recent data suggest that the level of protection
by current influenza vaccines may be lower than what has been believed [79,
80]. Understanding the nature of viral infections in a healthy compared to ciga-
rette smoke-exposed lung becomes important to understanding the role of
viruses in AECOPD. Since cigarette smoking has been implicated in the
changes observed in the COPD lung (as discussed above), superimposing a
viral infection over the background of cigarette smoke adds a new element to
animal modeling.

In a murine model of influenza virus infection, we have recently demon-
strated that while viral clearance in sham- and smoke-exposed animals was
similar, smoke exposure worsened inflammatory outcome and health status of
animals [81]. The heightened inflammatory response observed in smoke-
exposed animals was associated with increased expression of TNF-«, IL-6 and
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type I interferons in the airway, as well as with increased mortality [81]. In addi-
tion, we have shown that smoke exposure does not compromise the develop-
ment of an influenza-specific memory response [81]. We postulate that the
exaggerated airway inflammatory response to viral agents contributes to the
inflammation observed in smokers and to the deterioration in clinical status
associated with AECOPD.

Modeling Coinfection

Current disease models generally study interactions between a single
pathogen and the infected/colonized host. While it is necessary to understand
the basic science of disease, this ‘single-agent:single-host’ paradigm contrasts
starkly with the situation in the clinic, where patients frequently present with
multiple simultaneous infections, and where at the very least they present with
a history of other infections. Moreover, as molecular biological techniques such
as PCR have succeeded traditional clinical virological methods, it has become
increasingly apparent that many COPD exacerbations are typically viral in
nature [82]. Concomitantly, it has been suggested that viral infections may pre-
dispose a patient to bacterial infections, leading to exacerbations driven not by
virus or bacteria alone, but by a bacterial-viral coinfection. Both from human
studies and from experiments in animal models, it has become clear that the
hosts’ response to a pathogen is at least partially dictated by their immune sys-
tem’s history. In this regard, experimental models utilizing animal models and a
single infection may not be predictive of an immunologically experienced
COPD patient’s response.

There is debate about the importance of heterologous viral-bacterial infec-
tions in the context of COPD; some studies have found correlations between
these agents, while others have found no such relationships in patients with
chronic bronchitis [83, 84]. However, these studies were performed without the
aid of modern PCR methods, and therefore likely underestimated the true
prevalence of viral-bacterial coinfections. More recently, a number of papers
using PCR techniques have indicated that bacterial-viral coinfections are a
major issue in clinical COPD management. Work by Papi et al. [85] found that
approximately one quarter of all COPD exacerbations requiring hospitalization
were of a mixed bacterial and viral etiology. Similarly, work by Cameron et al.
[86] found that nearly one quarter of infectious exacerbations requiring ventila-
tion were associated with simultaneous bacterial and viral infections. Wilkinson
et al. [87] reported that exacerbations of putatively coinfectious etiology are
marked by increased airflow limitation and symptomatology when compared to
single-agent exacerbations. In addition to the epidemiological evidence, there is
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also ample experimental evidence to support the notion that infection with one
agent predisposes to infection with another. Experimental influenza infection in
humans increases the likelihood of natural colonization with S. pneumoniae
[88]. Similarly, mice are more susceptible to S. pneumoniae following influenza A
infection, and mount exacerbated inflammatory responses to the bacterium
[89, 90].

Although the observation that two pathogens are more harmful to a host
than one may not be surprising, investigating the mechanisms underlying this
phenomenon is not trivial. In fact a number of mechanisms by which infection
with one pathogen can modify the immune system’s response to another
pathogen have been proposed. Viral infection can effectively alter every stage of
a bacterium’s interaction with a host, by promoting bacterial attachment to
epithelial cells [91, 92], impairing innate cell function [93, 94], and modulating
the adaptive immune response [95]. Similarly, bacterial infections may alter
preexisting antiviral immunity [96], and predispose individuals to subsequent
viral infection [97].

Given that colonization of the airway is one of the defining characteristics
of stable COPD, and that bacterial and viral exacerbations are a hallmark of
acute exacerbation, modeling viral and bacterial infection over the background
of colonization is likely to yield novel and exciting insight into AECOPD.
Although complicated, such a model has recently been described by Seki et al.
[98], in which P aeruginosa colonization was achieved by implantation of
bacterium-coated tubing into the airway, and animals were subsequently
challenged with S. pneumoniae and influenza A virus. In this study, animals
exposed to all three pathogens showed exacerbated cytokine responses, poor
viral clearance, and reduced myeloperoxidase activity and lysozyme secretion
compared to animals receiving only one or two of the pathogens. This and other
developing models of colonization and coinfection must now be studied in
detail, then overlaid on a background of other factors involved in the pathogen-
esis of COPD, such as cigarette smoke exposure, to realize their potential as
models of AECOPD.

The current understanding is that infections are of critical importance to
the pathogenesis of COPD. Given that a COPD patient’s immune system is far
from immunologically naive, the need for animal models that examine heterol-
ogous infections in the context of COPD is apparent.

Conclusions

To date, there are no complete models of AECOPD. Instead, models of
individual disease facets must be interpreted not only in the context of the
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specific aspect of human disease they mimic, but also in light of the effects
other aspects may play. Ultimately, the most appropriate approach to modeling
AECOPD is an inclusive one, in which we model various aspects of COPD,
including cigarette smoke exposure, protease regulation, bacterial colonization,
and mucus production, and then superimpose a relevant exacerbating stimulus.
As such, we believe animal models will provide detailed mechanistic insight
into the etiology of AECOPD and will prove invaluable in furthering our under-
standing of key events in disease pathogenesis.
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