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Asthma and chronic obstructive pulmonary disease (COPD) are complex inflammatory airway diseases
characterised by airflow obstruction that remain leading causes of hospitalization and death worldwide.
Animal modelling systems that accurately reflect disease pathophysiology continue to be essential to the
development of new therapies for both conditions. In this review, we describe preclinical in vivo models that
recapitulate many of the features of asthma and COPD. Specifically, we discuss the pro's and con's of the
standard models and highlight recently developed systems designed to more accurately reflect the
complexity of both diseases. For instance, clinically relevant allergens (i.e. house dust mite) are now being
used to mimic the inflammatory changes and airway remodelling that result after chronic allergen exposures.
Additionally, systems are being developed to mimic steroid-resistant and viral exacerbations of allergic
inflammation – aspects of asthma where there is an acute need for new therapies. Similarly, COPD models
have evolved to align with the improved clinical understanding of the factors contributing to disease
progression. This includes using cigarette smoke to model not only airway inflammation and remodelling, but
some systemic changes (e.g. hypertension and skeletal muscle alterations) that are thought to influence
disease. Further, mouse genetics are being exploited to gain insights into the genetics of COPD susceptibility.
The new models of asthma and COPD described herein demonstrate that improved clinical understanding of
the diseases and better preclinical models is an iterative process that will hopefully lead to therapies that can
effectively manage severe asthma and COPD.
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1. Introduction

Chronic respiratory diseases are major causes of morbidity and
mortality, comprising 7% of deaths and 4% of disability adjusted life
years (DALYs) worldwide (WHO, 2008a,b). Asthma and chronic
obstructive pulmonary disease (COPD) affect approximately 300 and
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210 million people, respectively, with most of the deaths associated
with both disorders occurring in low- and middle-income countries. In
2005 asthma was responsible for 255,000 deaths, whereas COPD was
the cause of approximately 3 million deathsworldwide. Themajority of
asthma deaths occur in individuals with a severe form of the disease
(5–10% of asthmatics), which is not effectively managed with the
standard asthma therapy (i.e., glucocorticoid and β2-adrenoceptor
agonist combination therapy). Similarly in COPD, there are no
treatments that can halt the progression of the disease. Additionally,
acute exacerbations of both asthma and COPD (where disease
tion of animal models for asthma and COPD with
era.2010.10.008
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symptoms become acutely more severe) are major causes of hospital-
izations and death in patients. Again, there is little that can be done to
effectively limit the severity or reduce the frequency of these events.
With asthmabeing themost common chronic disease amongst children
and COPD predicted to become the 3rd leading cause of death by 2030,
clearly these two conditions represent very large unmet medical needs
that require urgent attention (WHO, 2008a,b).

In recent years, drug discovery efforts have largely centered around
two different approaches – the development of “me too” drugs, such as
improvements on existing therapies like bronchodilators and gluco-
corticoids, and novel therapeutic approaches aimed at specific molec-
ular targets. While in vivo models of disease are still vital for the
development of all therapies, they have been particularly important to
the latter approaches. For instance, it has become commonplace to
validate the “central role” of a particular molecular target in the
pathogenesis of either asthma or COPD by characterizing the responses
of geneticallymodifiedmice (with the target geneeither knocked-outor
overexpressed) in the most relevant in vivo models. Clearly, data from
clinical specimens demonstrating the target has an association with the
disease or correlation with disease progression is as, if not more,
important for validating a particular target for drug discovery purposes;
however, data from animal models provide the cause–effect relation-
ship between target and disease-like phenotype that is a very powerful
form of evidence that cannot be easily obtained in the clinic. Animal
models have historically played an instrumental role in broadening our
mechanistic understanding of both disorders. For instance, the
observation that the instillation of an elastolytic proteinase, papain
into the lungs of hamsters caused pronounced emphysema (Gross et al.,
1965) was essential to the formation of the proteinase–antiproteinase
imbalance hypothesis, which has dominated thinking about the
pathogenesis of COPD in field for over 40 years. Similarly, the role of
Th2 cytokines in the pathogenesis of asthma was also discovered
as a result of studies performed in animal models of allergic lung
inflammation.

While animal models for asthma and COPD have improved our
understanding of the mechanisms driving disease, they are not
without significant limitations. This is evidenced by the failure of
some therapeutic approaches in clinical trials that were previously
demonstrated to be efficacious in the animal models (Churg et al.,
2004; Tanaka et al., 2004; Flood-Page et al., 2007; Rennard et al.,
2007). Some suggest that these failures indicate that the models are
not predictive and inadequate for the purposes of drug discovery
(Wenzel & Holgate, 2006; Curtis et al., 2007). However, one must
remember that the approach used to model diseases in small animals
is to develop analogous systemswhose aims are to induce disease-like
changes that are reflective of the pathophysiological changes
associated with asthma and COPD. Further, there is an incomplete
understanding of the different clinical phenotypes of asthma and
COPD and this reflects the paucity of animal models that have been
developed to mimic these poorly defined patient sub-populations.
Consequently, our ability to use these models as predictive systems
is limited by our understanding of the mechanisms driving the
pathogenesis of these respiratory syndromes.

Although our understanding of the pathogenesis of asthma and
COPD has evolved considerably over the last 50 years, we still have
very limited knowledge regarding the mechanisms driving these
disorders. In fact, both conditions would be more accurately
characterised as chronic respiratory syndromes, defined by specific
physiological changes which are used to diagnose patients. The lack of
an unequivocal mechanistic definition of both diseases is in part why
these models are limited to mimicking certain pathophysiological
features commonly associated with asthma and COPD in small
animals through mechanisms that may not be entirely consistent
with those involved in disease pathogenesis in man. However, past
successes and failures have yielded several insights into the
mechanisms underlying both disease pathogenesis and the disease-
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
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like changes associated with the animal models. The challenge is to
now use this knowledge to improve the in vivo models used to
emulate key aspects of these chronic respiratory diseases.

Here, we review the recent progress made in the ability to model
features of asthma and COPD in small laboratory animals – specifically,
mice, rats and guinea pigs. Current efforts have focused on using
complex agents that are known to cause the diseases in man to induce
disease-like changes in small animals. The aim of refining these models
by using disease-relevant agents is to improve their mechanistic
relevance – an important consideration not only from a scientific
standpoint, but also to align the spirit of the 3R's (i.e. reduction,
refinement, replacement). The combination of careful experimentation,
observation, as well as the application of new technologies to
characterise these models has led to improved modelling systems that
continue to advance our understanding of both asthma and COPD.

2. Asthma

Asthma is a condition characterised by persistent or recurrent
airway inflammation, airway hyper-responsiveness, chronic airway
remodelling and various degrees of reversible airflow limitation.
Asthma is most commonly caused by exposure to allergens, however
there are also known to be several other non-allergic triggers
including cold air, exercise, stress and aspirin. The genetic and/or
environmental factors that influence individual susceptibility for
developing asthma are not understood. This is a significant deficit that
limits our understanding of the evolution of disease manifestation,
how the various triggers lead to the disease phenotype and what
differentiates various patient sub-populations. As allergic asthma is
the most predominant form of the disease, most in vivo models have
been developed to mimic allergen-induced lung inflammation and
lung function changes, which will be the focus of our review.

In allergic asthma, the process is thought to begin when inhaled
allergen is detected by dendritic cells causing them to migrate to the
secondary lymphatic systemwhere they present the processed antigen
to T and B cells, once specific cells are found, clonal expansion is
triggered and B cell start to produce antigen specific IgE. The IgE
antibodies can then bind to high affinity Fcε receptors on a variety of cell
types including mast cells and basophils. Subsequent exposure to
allergen leads to cross linking these receptors, causing mast cells and
basophils to degranulate and release histamine, prostanoids, leuko-
trienes, cytokines and proteases in the airways. Thesemediators trigger
an early asthmatic response (EAR) consisting of bronchospasm, oedema
andmucus secretion. In certain individuals there is also a late asthmatic
response (LAR) occurring within 24 h of allergen exposure. In addition
to the EAR/LAR, inhaled antigen leads to increased airway inflammation
(e.g. eosinophils, CD4+ T cells, Th2 cytokine production). These allergic
events are believed to lead to remodelling of the airway structure and
altered airway function (i.e. airflow obstruction and nonspecific airway
hyper-responsiveness (AHR)) observed in patients.

2.1. The ovalbumin model of allergic lung inflammation

For almost 100 years, the standard approach for modelling the
asthma phenotype has been to use an antigen present in egg whites,
ovalbumin (OVA), to induce an allergic response in the lungs of small
laboratory animals. The typical protocol starts by systemically
sensitising the animals to ovalbumin absorbed onto an adjuvant
anywhere from one to three times (each sensitisation usually done via
intraperitoneal injections separated by at least one week). The most
commonly used adjuvant is Alum or aluminium hydroxide (Bordetella
pertussis and ricin are also frequently used), which primes the
immune response towards a Th2 phenotype. This is followed by
allergen exposure to the airways (usually by aerosol administration)
one to twoweeks after the last sensitisation. Different research groups
have altered this method to optimise the specific responses they are
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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interested in investigating. Additionally, certain species are better
than others for modelling certain aspects of this response, in part due
to differences in the comparative anatomy and physiology of the
laboratory animals and man (reviewed in Zosky & Sly, 2007;
Stevenson & Belvisi, 2008). That said, the ovalbumin-induced allergic
lung inflammationmodel can replicate many of the central features of
allergic asthma including increased specific IgE production, oedema,
mucus secretion, early and late asthmatic (bronchoconstriction)
responses, a Th2-biased inflammation rich in eosinophils and
nonspecific AHR. Further, these changes are sensitive to treatment
with glucocorticoids and β2-adrenergic receptor agonists (Birrell
et al., 2003; Eum et al., 2003; Wyss et al., 2007), which reflects the
clinical efficacy of the standard therapies, and they have provided
important insights into the nature of the allergic airway inflammation,
particularly the importance of the Th2 phenotype in this disease.
Unfortunately, some of these endpoints, specifically the EAR and LAR,
are not routinely measured by investigators when assessing com-
pound efficacy. Instead, AHR to methacholine challenge is the most
commonly assessed physiological endpoint in these models, which,
while informative, is not the only measure that will be used to judge
the efficacy of a candidate compound in the clinic. This does, in our
opinion, reduce the value of thesemodels andmore effort is needed to
use the preclinical biomarkers that correlate to how efficacy is gauged
in the clinic.

That said, there are also several shortcomings with the use of OVA
itself that, some have argued, limits its utility for the purposes of current
drug discovery efforts. Firstly, OVA is not an antigen associated with
triggering any form of asthma in man. Secondly, attempts to sensitise
animals through the respiratory tract (the likely route of sensitisation in
man) have not been very successful. Thirdly, it has been proposed that
chronic OVA exposure leads to tolerance and poorly maintained
inflammation, possibly through the induction of T regulatory cells,
which limits the ability to mimic the chronic aspect of asthma and the
associated airway remodelling. There is some debate over this latter
point, as investigators have reported that they are able to demonstrate
some asthma-like airway remodelling after chronic ovalbumin expo-
sure (Temelkovski et al., 1998;McMillan & Lloyd, 2004; Van Hove et al.,
2009). The fact remains, however, that these models do not entirely
reflect the type of inflammatory changes one would expect to see in
chronic asthma as the inflammation does not worsen, but actually
lessens after chronic ovalbumin exposure (Swirski et al., 2002; Van
Hove et al., 2007) and the changes (i.e., inflammation and AHR) tend to
resolve very quickly after the discontinuing the antigen exposures
(Kumar et al., 2004). The sum of these limitations and the fact that
results from the OVA model are not always indicative of what happens
in the clinic, has lead to the majority of academic and industrial groups
switching to another antigen: the House Dust Mite.

2.2. Using house dust mite (HDM) to model asthma

In the last 5 years a great deal of work has been done to try and
develop models of asthma which do not use OVA as the antigen. In
particular, we will be focusing on the models using house dust mite
(HDM) allergens (i.e. Dermatophagoides pteronyssinus (Der p) and
Dermatophagoides farina (Der f)), although other disease-relevant
aeroallergens, such as fungal allergens (e.g. Aspergillus fumigatus),
ragweed and pollen spores, are also being routinely used andwe point
the reader to a review by Fuchs and Braun (2008) that cover those
models in more detail.

Dermatophagoides was first identified as the source of allergen
associated with house dust in 1967 and is associated with a number of
allergic disorders including asthma, allergic rhinitis and atopic
dermatitis (Platt-Mills, 1995). These organisms can produce
thousands of proteins and macromolecules, so far over 30 of which
have been shown to induce IgE antibodies in allergic individuals. The
allergens associated with HDM have been identified by analysing
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
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aqueous extracts of whole mites, nymphs, faecal pellets, eggs and
spent culture media and have been divided into 19 groups. They
consist of proteins and peptides with a variety of different biological
functions, including proteases, binding proteins and some with
functions not fully understood. The majority of the allerginicity has
been attributed to group 1 (Der p1 or Der f1, a cysteine protease) and
group 2 (Der p2 or Der f2, unknown biological function) allergens;
however, there is still an incomplete understanding of the allergens
present in these complex mixtures of proteins as the analysis can be
affected by batch-to-batch variability, polymorphisms, as well as
extraction methods (e.g. aqueous versus organic) (Thomas et al.,
2002).

While the complexity of HDM extracts makes it difficult to
understand the contributions of different HDM elements to allergic
lung inflammation, using it to model this phenotype provides several
important advantages over the OVA model. Firstly, many asthmatic
subjects have raised levels of HDM specific IgE and these people have
allergic events if challenged with HDM (Maunsell et al, 1968; McAllen
et al., 1970). Secondly, models developed in last 5 years have
demonstrated that HDM can sensitise animals via the respiratory
mucosa. Thirdly, it has been suggested that giving HDM over a long
time can model certain aspects of chronic asthma and associated
airway remodelling.

The majority of the HDM driven models used today are based on
work published by Manel Jordana's group at McMaster University in
2004. They reported that 25 μg of HDM extract administered
intranasally once a day for 10 days in Balb/C mice elicited asthma-
like lung inflammation consisting of increased total IgE and HDM-
specific IgG1 levels, greater numbers of eosinophils, T lymphocytes
and antigen presenting cells in the airway lumen, and airway hyper-
responsiveness to methacholine challenge. Additionally cultured
splenocytes from HDM-exposed animals released higher levels of
Th2 cytokines upon HDM re-exposure, suggesting allergen sensitisa-
tion did occur (Cates et al., 2004).

This model has allowed several groups to investigate the
mechanisms underlying allergen sensitisation via the respiratory
mucosa. For instance, it has been suggested that local production of
GM-CSF is, in part, what prevents immunological tolerance from
developing to chronic antigen inhalation (Stämpfli et al., 1998; Cates
et al., 2004). The mechanism for this is not fully understood, but it has
been proposed to include adjuvant-like properties that GM-CSF
exhibits (Morrissey et al., 1987; Disis et al., 1996; Stämpfli et al.,
1998). It had been suggested that the proteolytic activity of HDM
extracts activates protease activated receptor-2 leading to increased
GM-CSF production (King et al., 1998; Sun et al., 2001; Asokananthan
et al., 2002; Cates et al., 2004). More recently, however, Hammad et al.
(2009) demonstrated HDM-induced production of GM-CSF was
dependent on Toll-like receptor 4 (TLR4) activation. Many groups
have now shown the importance of TLR4 in the inflammatory
response observed after HDM challenge (Hammad et al., 2009; Phipps
et al., 2009; Trompette et al., 2009). Hammad et al. (2009), in a very
elegant study, showed that it is TLR4 on the structural cells, and not
the hematopoietic cells, which are central to the HDM-driven
inflammation.

Beyond understanding mechanisms related to aeroallergen sensi-
tisation, the use of HDM has also allowed changes associated with
chronic, persistent allergen exposure to be investigated due to
reported reductions in tolerogenic response to HDM. Johnson et al.
(2004) investigated the effects of intranasal administration of HDM
(25 μg) for up to 7 weeks (5 days per week). They demonstrated that
there were increased levels of antigen presenting cells after just
1 week of exposures, IgE, HDM-specific IgG1 and a measureable
eosinophilic inflammation was present after 3 weeks, and CD4+ Th2
cells were increased after 5 weeks of HDM administration. An
interesting question raised by the group was why the inflammatory
response was limited, levelling off between 3 and 7 weeks exposure,
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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instead of progressively worsening. A clue to this answer may be in a
recent paper by Gregory et al. (2009). Using a similar model they
showed that inflammatory cell infiltrate and Th2 cytokines peaked
after 2 weeks of exposure before attenuating and levelling off
between weeks 3 and 7. There were increased numbers of T
regulatory cells present in the lungs after 3 weeks of exposure,
which may explain why the inflammatory changes were not
progressive in response to chronic HDM administration. Johnson et
al. (2004) went on to show that 5 weeks of HDM administration led to
remodelling of the airways with increased mucous cell density and
greater staining of contractile elements (collagen and α-smooth
muscle actin) and AHR to methacholine. After 5 weeks, HDM
administration was terminated to assess how quickly the changes
could resolve. While the inflammatory cell infiltrate was largely
resolved within 2 weeks, the airway remodelling and AHR remained
elevated for at least 9 weeks (Johnson et al., 2004).

While the use of HDM extracts have improved the ability to model
the persistent allergic phenotype (chronic eosinophilic inflammation,
progressive airway remodelling and sustained AHR) in mice, attempts
to model allergic inflammation using these extracts in rats and guinea
pigs have yielded mixed results. The guinea pig was in fact the first
species that was used to demonstrate that HDM extracts could be
used to induce allergic sensitisation via the respiratory mucosa (Ishii
et al., 1997); however, this was a very laborious process and a
subsequent study relied on the use of systemic adjuvants to prime the
allergic response (Yasue et al., 1999). In rats, HDM sensitisation via
the airways has been shown to induce increased IgE levels and
eosinophilic inflammation (Dong et al., 2003; Singh et al., 2003; De
Alba et al., 2009; Jobse et al., 2009).

HDM models have provided important insights into the mecha-
nisms underlying the initial sensitisation and subsequent induction of
the allergic response. Theymay also provide a better understanding of
the mechanisms underlying the progressive airway remodelling
associatedwith sustained aeroallergen exposures and chronic asthma.
That said we would suggest a word of caution about abandoning the
OVA model and solely using the HDM model. Whilst the OVA model
has been extensively studied, we currently know very little about the
HDM model. We do not as yet know the role played by the major
effector cells (T cells, B cells, mast cells, eosinophils, etc) or the
mediators present (IgE, cytokines, lipid mediators, etc). In addition,
the HDM model is often suggested to mimic allergic asthma and
indeed, in some protocols (for example, Trompette et al. (2009) who
demonstrated a sensitising phase is essential for a response) there is a
clear allergic component. We question whether there is a clear
“allergic” component in many protocols in which HDM is given daily
for several weeks. We, and others, have shown that one can mimic
asthma-like airway inflammation after a single topical dose of HDM in
the rat (De Alba et al., 2009). Indeed we have unpublished data in the
mouse in which we show an increase in white blood cells (including
lymphocytes (CD4+ and CD8+) in the lung after a single dose of
HDM. These data would suggest that, initially at least, the inflamma-
tion after HDM is innate in nature. After chronic HDM administrations
the response could well develop into an allergic one, and indeed
various groups have reported increases in HDM specific IgE. We know
however that many people in the general population have positive
skin prick tests to allergens but do not suffer from asthma. Another
thing to note is the fact that unlike the OVA model, no one as yet has
shown EAR or LAR after HDM challenge in the model systems. It will
be interesting over the next few years to see the answers to some of
these questions and to see if data from the HDMmodel is indicative of
what happens in the clinic.

2.3. Modelling severe, persistent asthma

Interestingly, while the allergic inflammation induced by HDM does
respond to standard asthma therapies, specifically, glucocorticoids
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
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(alone and in combinationwith aβ-agonist) (Johnson et al, 2008;Ulrich
et al., 2008; Wakahara et al., 2008), the combination therapy has little
if any effect on AHR (and airway collagen) when administered
concomitant with HDM exposures (Johnson et al, 2008). Thus, the
latter feature may reflect an important step towards modelling the
refractory nature of the severe asthmatic phenotype that is the
predominant focus ofmanydrug discovery efforts. Although themodels
using HDM may have improved clinical relevance over previous
preclinical models of allergic lung inflammation, HDM models have
yet to model the allergen-induced bronchoconstriction and cannot
reflect the limitless AHR that occurs in severe asthmatics. Severe,
persistent asthma is a poorly defined sub-population of asthmatics
(~5%) whose symptoms are constant and require continuous adminis-
tration of either high doses of inhaled glucocorticoids with long-acting
β2 adrenoceptor agonists and possibly treatment with oral glucocorti-
coids tomaintain a degree of disease control (i.e., thesepatientsmay not
respond to standard combination therapies) (National Heart, Lung, &
Blood Institute, 1997). This inadequate definition coupled to the fact
that it is highly unlikely there is a single underlying cause for this
phenotype has made modelling severe asthma extraordinarily difficult.

Twomodels have been described in the last three years that reflect
the limitless (essentially fatal) AHR associated with severe, persistent
asthma. Ochkur et al. (2007) reasoned that eosinophil migration,
degranulation and the execution of eosinophil effector functions
associated with the remodelling and dysfunction of airways in severe
asthmatics (Gleich et al., 1995; Evans et al., 1997; Flood-Page et al.,
2003) was a complex process that required multiple signals (Fujisawa
et al., 2000; Menzies-Gow et al., 2002). Therefore they hypothesized
that overexpressing both IL-5 (in T cells) and CCR3 ligands,
specifically eotaxin-2 (in lung epithelial cells), in mice (I5/E2
transgenics) would mimic the extensive eosinophil degranulation
observed in severe asthma, a feature that could not be replicated in
other preclinical mouse models (Denzler et al., 2001). These I5/E2
transgenics displayed a marked eosinophilia and extensive degranu-
lation similar to that observed in severe asthmatics. Additionally, the
mice had epithelial shedding, luminal occlusions (consisting of
cellular debris and mucous) and pronounced airway remodelling
(epithelial hypertrophy, goblet cell hyperplasia, smooth muscle
hyperplasia and collagen deposition). In most cases, these changes
were more extensive than that observed in mice from allergen
challenge models and some features were unique to the I5/E2
transgenic. In addition, I5/E2 mice had increased airways resistance
and extraordinary AHR to methacholine challenge that was fatal at
high doses. This phenotype could be abolished when the I5/E2 mouse
crossed with the PHIL mouse, a transgenic line congenitally deficient
in eosinophils (Lee et al., 2004; Ochkur et al., 2007), suggesting all of
these changes were dependent on the eosinophil. Interestingly, the
effects of IL-5 and eotaxin-2 on eosinophil degranulation could not be
replicated in vitro suggesting that an integrative setting was required
where other signals could contribute to the phenotype observed in
the mice.

There are several proteins housed in eosinophil granules that are
suggested to contribute to the remodelling and AHR associated with
severe asthma, including eosinophil peroxidise, major basic protein-1
and eosinophil cationic protein (ECP). The latter is housed in the
granules of both neutrophils and eosinophils and recently, Bates et al.
(2008) demonstrated that intratracheal administration of poly-L-lysine
(PLL), an artificial analogue of cationic protein, could induce airway
hypersensitivity to cholinergic challenges. They argued that the changes
were due to the shortening of the smooth muscle banding around the
airway (i.e. contracting the smoothmuscle leading to a reduced luminal
diameter). When they administered PLL to animals sensitised and
challenged with ovalbumin, these animals died upon exposure to the
low level of methacholine. Exposure to either PLL or ovalbumin alone
was well tolerated by the animals; however, they reasoned that the
combination of smooth muscle shortening by PLL along with allergen
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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provocation, which thickens the airway epithelium and increases
luminal secretions, synergistically amplified the AHR. Thus, these
findings may also explain the physiological mechanisms driving the
fatal AHR associated with the I5/E2 mouse and together, both studies
emphasize the fact that there are likely to be layers (molecular→phys-
iological) of complex mechanisms underlying the severe asthma
phenotype.

While the actions of the eosinophil is important in severe asthma,
there is a degree of control associated with individuals with high levels
of eosinophils through the use of steroids and,more recently, with anti-
IL-5 monoclonal antibodies (Haldar et al., 2009). Individuals with a
more neutrophilic inflammation, on the other hand, are more poorly
controlled. Thus, there have been recent attempts at reflecting the
neutrophilic and steroid-resistant nature of the inflammation associated
with poorly controlled, severe asthma. These include using chronic low
dose exposures followed by a single highdose challengeof ovalbumin to
mimic exacerbations (Ito et al., 2008) and overexpressing IL-13 using an
adenoviral delivery system to mimic the chronic inflammation and
remodelling associated with severe asthma (Therien et al., 2008).1 In
both models, steroids could still attenuate the eosinophilic and
lymphocytic infiltrate, but had no effect on the neutrophil and
macrophages numbers in the lavage fluid and no effect on the AHR
associated with the models. Nevertheless, the inflammatory and
physiological changes associated with these models are still very mild
compared to those associated with exacerbations in the clinic, so the
clinical relevance of these models is still questionable.
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2.4. Modelling viral exacerbations of asthma

A major focus for groups in both academia and industry for many
years now has been on developing models of viral-induced acute
exacerbations. Exacerbations are classified events associated with an
acute worsening of one's symptoms (Dougherty & Fahy, 2009).
Respiratory viral infections, especially those caused by rhinoviruses
(RV) are the most common causes of asthma exacerbations (50–80%)
and asthma-related death in both adults and children (Johnston et al,
1995; reviewed in Singh & Busse, 2006). Severe infections spread to
the lower respiratory tract where they can cause inflammation
(neutrophils, monocytes and T lymphocytes), bronchiolitis, wheezing
and greater airflow limitation many times requiring hospitalization.
Viral infections not only cause exacerbations, but they are also
common causes of bronchiolitis and wheeze in children≤3 years of
age (in particular, respiratory syncytial virus (RSV) has been
implicated) (Hall, 2001; Henrickson et al., 2004; Lemanske et al.,
2005), and some data support a causal link with developing asthma
later in life (Sigurs et al., 2005; Lee et al., 2007; Jackson et al., 2008).
The mechanism for this is unclear, but some have suggested that RSV
serves as a mechanism of allergic sensitisation (Sigurs et al., 1995;
Schauer et al., 2002; Sigurs, 2002) possibly through the upregulation
of TLR4 receptors (Monick et al., 2003); however, there is conflicting
data in this area (Stein et al., 1999). Others have proposed that
individuals with a genetic predisposition for developing asthma may
be more likely to develop severe respiratory infections as children
because their Th1 defences are not effective, leaving themmore prone
to infection (Legg et al., 2003). Clearly, the mechanisms underlying
the physiological changes induced by viral infections in atopic
individuals are complex and incompletely understood at present.

Several groups have attempted to combine allergen and infection
models to try to understand the interaction between these two
responses and how they may contribute to disease susceptibility and/
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1 Interestingly, over-expressing IL-13 with the adenoviral system caused an increase
in neutrophils numbers in lavage fluid, which was not a feature of the transgenic IL-13
over-expression model (Zhu et al, 1999). It is possible that the use of a viral delivery
system is the reason for this difference, although the control animals did not develop
any inflammatory changes after instillation of adenoviral-null vectors.
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or exacerbations. The majority of the work in this area has been done
using RSV and the effects of RSV infections have been well
characterized in several species (Prince et al., 1978; Graham et al.,
1988; Hegele et al, 1993). On its own, RSV can induce acute and
chronic inflammation, acute bronchiolitis, AHR and airflow obstruc-
tion (Hegele et al., 1993; Chávez-Bueno et al., 2005); however, these
changes can be dependent on the strain of RSV used to infect the
animals (Lukacs et al., 2006). One of the questions addressed by
studies combining RSV and allergen exposures is whether RSV
infection predisposes individuals to asthma or whether individuals
predisposed to developing asthma are more likely to be infected. A
model addressing the question of whether RSV infection in infants
predisposes them to developing asthma has shown that infecting
neonatal mice with RSV can affect airway inflammation and airway
mechanics into adulthood (You et al., 2006). They demonstrated that
the combination of RSV and OVA will lead to enhanced Th2 cytokine
production, lung tissue inflammation and AHR compared to mice
exposed to either OVA or RSV alone. Another study investigating
whether guinea pig strains with different susceptibilities to allergen-
induced inflammation had different susceptibilities of RSV infection
demonstrated no such association (Bramley et al., 2003); thus, these
studies suggest RSV infection may predispose individuals for
developing allergic asthma. To address how RSV primes the allergic
response in these animal models additional studies have investigated
whether RSV infection will enhance sensitisation to allergen.
Schwarze et al. (1997) found that RSV infection did in fact enhance
sensitisation to ovalbumin via the respiratory mucosa. While animals
exposed to ovalbumin alone did not develop airway inflammation or
AHR, mice that had previously been infected with RSV did develop
inflammation (consisting of eosinophils and neutrophils) and AHR,
although there was no change in allergen-specific IgE or IgG1 levels.
Similar findingswere reported by Lukacs et al. (2001) using cockroach
antigen to model the allergic response and in both studies Th2
cytokines appeared to play an important role in mediating the AHR
and aspects of the inflammation. Using the chronic ovalbumin model,
Tourdot et al. (2008) demonstrated that non-sensitised mice infected
with RSV develop a similar degree of airway remodelling as sensitised
mice (mice not sensitised or infected will not develop any airway
remodelling); however, the combination of RSV infection and
ovalbumin exposure did not result in enhanced inflammation or
AHR. Therefore, the sum total of these studies would appear to
suggest that a link between RSV and asthma exists due to RSV's ability
to enhance allergic sensitisation.

There are however studies that contradict these findings. Using
guinea pigs, Dakhama et al. (1999) demonstrated no changes to the
inflammation or AHR induced by ovalbumin exposure in animals that
had been previously or concomitantly infected with RSV. In BALB/C
mice, Peebles et al. (2001) demonstrated that prior RSV infection
actually attenuated the inflammation and AHR induced by subsequent
ovalbumin sensitisation and challenge. Both groups acknowledged
the importance of the timing of RSV infection in relation to allergen
sensitisation and challenge and in the paper by Peebles et al. (2001)
they demonstrated that RSV infection after ovalbumin led to greater
AHR and lymphocyte infiltration in the lung. Interestingly, the same
group has also shown that while concomitant RSV infection does not
alter the degree of inflammation or AHR, it does prolong the AHR and
lymphocytic inflammation (Peebles et al., 1999). A more recent paper
by this group also shows that coordinated RSV infection and OVA
challenge will lead to greater levels of mucus in the airways, possibly
due to the enhanced production of IL-17 (Hashimoto et al., 2004).

Several factors may explain these anomalies in addition to the
timing of the RSV infection in relation to allergen sensitisation and
challenge (Robinson et al., 1997; Peebles et al., 2001). For instance, the
dose of RSV (Schwarze et al., 1997; Peebles et al., 2001; Kondo et al.,
2004), as well as the methods used to sensitise and challenge the
animals (Schwarze et al., 1997; Peebles et al., 1999; Lukacs et al.,
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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2001) can also affect the results. In addition to the various protocols
used, the task of understanding the differences amongst studies is
made more difficult because of the lack of relevant controls [e.g.
studies that lack sham sensitised animals, animals treated with
inactivated virus, or assessment of viral replication] in some of the
experiments. It should also be noted that the effects of other viruses
(e.g. influenza and pneumonia (Barends et al., 2004)) have been
compared alongside RSV and have demonstrated different viruses
may produce different effects on the allergic response.

The virus that is most commonly associated with exacerbations of
asthma is RV. Unfortunately, models of RV infection had largely been
limited to non-human primates for many years due to the fact that
90% of RV serotypes (major group RV, RV-1A) specifically require
binding human ICAM-1 to enter cells. Some groups have however
opted to use RV-1B (the remaining 10% of serotypes also referred to as
minor group RV) to model RV infection because they can use the
human and mouse low density lipoprotein receptor to attach and
enter cells (Yin & Lomax, 1986). More recently, however, Bartlett et al.
(2008) developed a transgenic mouse expressing a mouse and human
ICAM-1 chimera that allowed the mice to be infected by both RV-1A
and RV-1B. In this same paper, they demonstrated that co-adminis-
tering RV-1B to mice sensitised and challenged with ovalbumin led to
greater Th2 cytokine production and airway inflammatory cell
infiltrate (especially neutrophils and lymphocytes), increasedmucous
production and AHR.

These models represent important steps in our ability to
understand and model the contribution of viruses to both the
development as well as exacerbations of asthma. However, they still
do not model the severe airflow obstruction associated with acute
viral exacerbations of asthma. In fact, developing such models in man
has also proven to be very difficult (de Kluijver et al., 2003; Newcomb
& Peebles, 2009). One possibility for moving this work further may be
to use species-specific viruses (related to RV and RSV), rather than
virus strains that are human pathogens. Additionally, comprehensive
studies investigating the effect of viral load and timing of infection
would also help to elucidate the interacting mechanisms involved in
the allergic and viral responses. Further, a more complete profile of
the physiological changes (i.e. EAR and LAR) associated with asthma
would provide amore complete understanding of how viral infections
modify the allergic responses in these animal models. Such
approaches may provide a more effective route for modelling asthma
exacerbation-like changes in the animals that more closely reflect the
clinical situation.

3. COPD

COPD is characterized by an acceleration of the progressive airflow
limitation associated with the aging process, which can leave patients
disabled and in severe cases can lead to death. The disease is largely
the result of years of heavy cigarette smoking, although in recent
years it has been become more evident that there are also significant
non-smoking causes of COPD (e.g. indoor and outdoor pollution
(reviewed in Salvi & Barnes, 2009). Like asthma, COPD is typically
treated using glucocorticoids and long-acting bronchodilators (β2-
adrenoceptor agonists or anti-muscarinics); however, these treat-
ments are largely ineffective at attenuating the inflammation or
reversing the airflow obstruction associated with the disease, which
highlights the acute need for new therapies.

The deterioration of lung function is believed to be the result of
structural remodelling of the lung including the narrowing of the
small airways due to peribronchiolar fibrosis and luminal obstruction
by inflammatorymucus exudates (obstructive bronchitis). Additionally,
the parenchyma is destroyed due to proteolytic damage (emphysema)
reducing the elastic drive and gas-exchange surface area of the lung, as
well as the number of alveolar wall support structures that help
maintain small airway patency. Although a causal link has not been
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
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proven, free radical-driven inflammation is believed to be the force
driving these pathological changes. Dogma suggests that the free
radicals (e.g. reactive oxygen and nitrogen species) and reactive
chemicals (e.g. aldehydes) in smoke activate resident cells in the lung,
in particular epithelial cells and alveolar macrophages, to release
chemotactic mediators which recruit additional inflammatory cells
(neutrophils, monocytes and lymphocytes) into the lung. Chronic
exposure to smoke perpetuates this response, leading to the increased
production of inflammatory cytokines and degradative enzymes (e.g.
proteases) as well as defects in homeostatic mechanisms (e.g.
inactivation of anti-proteases, anti-oxidants and repair mechanisms).
Interestingly, while all smokers develop lung inflammation, not all
smokers develop COPD, suggesting that certain smokers (~25%) are
predisposed for developing COPD. The factors involved in this
predisposition are as yet unknown, but several hypotheses have been
put forward.

The proteinase–antiproteinase imbalance hypothesis has been one
of the predominant theories for explaining COPD susceptibility for
nearly 50 years. The hypothesis is based on two observations: (1) a
clinical study found that patients with an early-onset and familial form
of emphysema were deficient for alpha1-antitrypsin, the endogenous
inhibitor of neutrophil elastase (Laurell & Eriksson, 1963; Eriksson,
1965); and (2) the instillation of elastase (papain) to the lungs of
hamsters led to the development of emphysema (Gross et al., 1965).
Thus, the hypothesis states that individuals who are susceptible for
developing COPD are likely to have deficient antiproteolytic defences,
leaving the activity of proteinases unchecked (originally this activity
was largely attributed to neutrophil elastase). On the basis of these
observations, two in vivo models had been routinely used for many
years to investigate mechanisms related to COPD and for testing
compoundspreclinically – the elastase and the lipopolysaccharide (LPS)
lung injury models.

3.1. Models of elastase- and LPS-induced lung injury

In addition to emphysema, instillation of elastase into the lung
leads to an acute alveolitis (consisting of infiltrating neutrophils and
lymphomononuclear cells), mucus cell metaplasia, pulmonary edema,
hemorrhage and rupture of the respiratory epithelium (Kaplan et al.,
1973; Kuhn et al., 1976; Birrell et al., 2005a,b). These changes lead to
alterations in lung function that are consistent with those observed in
COPD patients (Birrell et al., 2005a,b). One of the major drawbacks of
this model is the fact that the inflammation is transient and resolves
within a week of elastase administration. Thus, it does not reflect the
progressive, slowly resolving inflammation associated with COPD. An
interesting feature of the model is that the emphysematous changes
are progressive up until about 8 weeks, long after the inflammation
has resolved, suggesting additional, unknown factors contribute to
the progressive destruction of the lung. Putting those limitations
aside, the mechanisms driving the inflammation and pathological
changes in the model appear to be consistent to those associated with
COPD. For instance, free radical stresses (Rubio et al., 2004; Ishii et al.,
2005; Foronjy et al., 2006; Borzone et al., 2009), inflammatory
cytokines (Lucey et al., 2002) and proteolytic damage (Kuraki et al.,
2002; Houghton et al., 2006) are all essential for elastase-induced
inflammation and emphysema. Additionally, statins appear to be
effective in the model (Takahashi et al., 2008), whereas glucocorti-
coids are not (Birrell et al., 2005a,b) – findings that are consistent with
clinical observations.

The biggest advantage the elastasemodels provide over all other in
vivo models for COPD is the rapid on-set of the emphysematous
destruction of the lung. Again, these changes begin to occur after just
2 weeks, progressively worsen over time, and are largely irreversible
(Birrell et al., 2005a,b). For this reason, the elastase model is ideal for
testing therapeutic approaches aimed at reversing or repairing
emphysematous damage to the lung. The best example of such an
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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approach is the work published by Massaro and Massaro (1997)
demonstrating the ability of retinoids to repair the parenchymal
destruction induced by elastase instillation in rats. The rationale for
this approach was based on the localization of retinoids in lung
interstitial fibroblasts close to alveolar septal junctions during alveolar
development (Maksvytis et al., 1981; McGowan et al., 1995) and the
essential nature of retinoic acid receptors for proper alveoli formation
(McGowan et al., 2000). These findings remain controversial as
several groups have been unable to replicate the restorative
properties of retinoids in similar preclinical rodent models of
elastase-induced emphysema (Lucey et al., 2003; Fujita et al., 2004;
March et al., 2004; Birrell et al., 2006) and data from clinical studies
are lacking (Roth et al., 2006).

Because the neutrophil is the largest source of neutrophil elastase,
it was regarded as the central player driving the pathologies
associated with COPD for many years. As such, many early broad
spectrum anti-inflammatory drug discovery efforts were aimed at
inhibiting neutrophil infiltration and the LPS acute lung injury model
was ideal for these studies. LPS is a bacterial endotoxin that is present
in cigarette smoke and, when instilled into the airways, it can elicit a
pronounced neutrophilic inflammation that peaks between 6–24 h
post-administration (Ferretti et al., 2003). Chronic administration of
LPS has also been shown to lead to airway remodelling, emphysema
and altered lung function (Stolk et al., 1992; Savov et al., 2003; Brass
et al., 2008). Although robust, the clinical relevance of this model is
questionable in that the inflammation it evokes is inhibited by
glucocorticoids (Birrell et al., 2005a,b) and repeated LPS administra-
tion attenuates the neutrophilic inflammation (i.e., multiple admin-
istration of LPS induces immunological tolerance (Brass et al., 2008));
therefore it does not reflect the progressive, slowly resolving and
steroid-insensitive inflammation that is a hallmark of COPD.While the
LPS model is still commonly used as a mechanistic model for
investigating mechanisms regulating TLR-mediated neutrophilia and
acute lung injury, it is no longer routinely used as a “disease” model
for assessing prospective COPD therapies for the reasons just
described.

3.2. Using cigarette smoke to model COPD-like changes

Over the last 10 years, in vivo models of cigarette smoke-induced
lung inflammation and lung damage have become the preferred
preclinical system for investigating mechanisms related to COPD. The
biggest advantage these systems offer over other models for COPD is
the ability to use the primary disease-causing agent to model several
key features of the disease in small animals. There are over 4000
chemicals and N1015 free radicals in every puff of smoke (Pryor and
Church, 1993); thus, single stimuli such as elastase and LPS are
unlikely to replicate themultifaceted response to smoke. Although the
cigarette smoke has been used for decades formodelling lung diseases
in small animals (primarily in studies investigating the link between
smoke and lung cancer (Mertens, 1930)), it was not until 1990 that
systems using cigarette smoke for modelling COPD began in earnest.
In that year, Wright and Churg (1990) demonstrated chronic cigarette
smoke exposure in guinea pigs led to progressive emphysematous
changes that were associatedwith changes in lung function consistent
to those observed in human emphysema patients. Several groups
have since confirmed these findings in several species and have
shown that in addition to emphysema, these models can also reflect
mucus cell metaplasia and epithelial hypertrophy in the central
airways as well as the fibrotic remodelling of the smaller airways, both
of which are consistent to the changes observed in COPD patients
(Bartalesi et al., 2005; Stevenson et al., 2007; Wright et al., 2007).

These pathophysiological changes are again believed to result from
the progressive, low-grade inflammation chronic cigarette smoke
elicits. The inflammatory response to smoke exposure is not as
pronounced as the response to either LPS or elastase. In addition, it
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appears to have two phases – a transient acute phase dominated by
neutrophilic infiltrate peaking during the first week and a progressive
chronic phase composed of neutrophils, macrophages and lympho-
cytes infiltrating the lungs starting after 1 month of exposures
(D'hulst et al., 2005; Stevenson et al., 2007). There does appear to
be some overlap in the mechanisms driving the inflammation during
both phases (Pemberton et al., 2005; Morris et al., 2008); however,
there is also some evidence to suggest that there may be important
differences that require further elucidation (Maes et al., 2006; Wan et
al., in press). In addition, to being progressive, the inflammation is
very slow to resolve. In a study looking at the effects of increasing
duration of smoke exposures in rats, Stevenson et al. (2007) showed
that after 6 months of exposures that several inflammatory indices
(although lower) were still present 2 months after exposures had
been stopped. In (C57BL/6) mouse models, chronic smoke exposure
causes B cell follicles to develop progressively over time (D'hulst et al.,
2005; van der Strate et al., 2006). These resemble the neo-germinal
centers found in the lungs of COPD patients, which has led some to
propose that COPD becomes an autoimmune disease in the later
stages and independent of cigarette smoke exposure (Agustí et al.,
2003; Hogg et al, 2004); however, while the presence B cell follicles in
the mouse models do correlate with the degree of emphysema, there
is no evidence that the pathologies in animal smoking models can
continue to develop after smoke exposures have stopped (van der
Strate et al., 2006). Further, the inflammation in these small
laboratory animal smoking models do not appear to be affected by
treatment with glucocorticoids (Marwick et al., 2004; Marwick et al.,
2009); thus, thesemodels appear to effectively mimic the progressive,
low-grade, slowly resolving and steroid-insensitive inflammation
associated with COPD.

Data from animal models of cigarette smoke exposure provide the
strongest evidence for a causal link between inflammation and the
pathologies associated with COPD. Ofulue et al. (1998) demonstrated
that smoking-induced emphysema was completely inhibited in rats
treated with an anti-macrophage antibody. This confirmed a finding
from a previous study using genetically modified mice that showed
MMP-12 (macrophage metalloelastase) was the principle mediator
driving the emphysematous destruction of the lung precipitated by
cigarette smoking (Hautamaki et al., 1997). Since these early studies,
several groups have reported the importance of several pathways
including cytokines (e.g. TNF-a, IL-1b, IL-18, IFN-g), chemokines (e.g.
CXCR2, CXCR3, CCR5, CCR6) and enzymes (serine proteases, matrix
metalloproteinases, p38 MAP kinase, phosphodiesterase 4) involved
in regulating the inflammatory response and subsequent lung damage
elicited by cigarette smoke exposures (see Churg et al., 2008 for a
complete review). The mechanisms involved in the initial response to
smoke are at present unknown, although pathways (e.g. nuclear
factor E-2 like 2 (Rangasamy et al., 2004; Foronjy et al., 2006)) and
receptors (e.g. TLR4 (Maes et al., 2006; Doz et al., 2008)) associated
with the response to free radical stress have been implicated.
Whether findings from these models will translate into new clinically
efficacious therapies remains to be seen.

There is also some indication that the lack steroid-efficacy in the
models is due to mechanisms induced by free radical stress thought to
be clinically relevant (Marwick et al., 2004; Ito et al., 2006). There are,
however, mechanisms that have demonstrated anti-inflammatory
efficacy in the preclinical models that have not been effective
clinically. For instance, mice lacking TNF-a receptors have been
shown to be partially protected against smoking-induced inflamma-
tion and emphysema (Churg et al., 2004); whereas anti-TNF-alpha
monoclonal antibodies have not demonstrated a benefit in the clinic
(van der Vaart et al., 2005; Rennard et al., 2007). The reason for this
discrepancy between the model and the clinic is unclear, but we
propose that it may be that TNF-alpha is critical for the initiation of the
response to smoke (acute phase) and may become less important
over time (the latter obviously cannot be assessed with a knockout
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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mouse). One way to test this hypothesis would be to administer a
mouse anti-TNF-alpha monoclonal antibody therapeutically after the
chronic inflammatory response to smoke exposures had already been
established (N1 month). This example highlights an important point
regarding the practical application of these smoking models for
assessing potential therapeutic interventions. Because these models
require a long time (~4–6 months) to generate pathologies and
functional changes consistent to those observed in COPD patients,
several groups use an acute (b1 week) model of smoking-induced
lung inflammation as primary models to examine the efficacy of
prospective therapies. As was previously mentioned, there does
appear to be certain mechanisms that will be important in both the
acute and chronic phase of the response to smoke exposures;
however, the effects of compounds should always be confirmed in
more chronic models, ideally under therapeutic dosing regimens, for a
more complete assessment a compound's potential for inhibiting the
inflammation, pathologies and physiological changes associated with
chronic smoking.

One of the limitations of the smoking models is the fact that there
is no one model of smoking induced lung inflammation and lung
damage. Several groups use different delivery systems (nose-only
versus whole-body), different species or strains, different cigarettes,
different components of the smoke (mainstream versus sidestream)
and different doses of smoke (typically assessed as milligrams of
particulate matter per cubic meter). This can make extrapolating
findings from one group to the next difficult. That said, while some
differences may exist in the extent of the changes elicited by smoke
exposures, many groups using different systems have generated
similar results (e.g. Vlahos et al., 2006 and Morris et al., 2008).
Additionally, while these smoking models can replicate many of the
key features of COPD in small animals, the changes are very mild
compared to those observed in man. Unfortunately, (as with the
asthma models) lung function is not routinely assessed in a
meaningful way. Instead, it is all too often replaced by measuring
histopathological changes, which is not an endpoint used to assess
efficacy in the clinic. This is partly to do with the difficulty in
measuring lung function in mice, which is the species most groups
use, as well as the mild nature of the structural changes; however,
technologies have improved considerably in recent years and more
work in this area is needed.

The pathologies and lung function changes associated with these
models would most likely constitute mild (GOLD 1) COPD (Churg &
Wright, 2007; Rabe et al., 2007). Unfortunately, most cases of COPD
are not diagnosed until the disease has become severe (GOLD 3) and it
is not clear whether, in addition to the physiological differences, the
mechanisms driving the disease also differ as the disease progresses
(Agustí et al., 2003; Hogg et al, 2004). One of the major differences
between early- versus late-stage COPD patients is the incidence of
disease exacerbations, which become more frequent once a patient's
lung function drops below a certain threshold (forced expiratory
volume in 1 second is b50% predicted) – this is also when their disease
is classified severe (GOLD 3).

3.3. Modelling exacerbations of COPD

Acute exacerbations in COPD patients, as in asthmatics, are a major
cause of hospitalization and death. They are also known to contribute
to the accelerated lung function decline and disease progression
(Donaldson et al., 2002; Makris et al., 2007). For all of these reasons,
several groups have begun to challenge animals exposed to smoke
with agents known to cause exacerbations (e.g. bacteria and viruses)
in an attempt to model the pathologies and physiological changes
associated with late-stage COPD. In addition, as with the asthma
models, these systems may further our understanding of how smoke
exposure affects the innate responses to bacteria/viruses (and vice
versa) and the mechanisms that may underlie acute exacerbations.
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
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Viruses are considered to be the most important initiators of COPD
exacerbations. One of the first studies combining virus and cigarette
smoke was by Meshi et al. (2002) who demonstrated that latent
adenoviral infection enhanced the inflammation and lung pathology
(i.e. emphysema) compared to that of cigarette smoke exposure
alone. In this study the effects on the macrophage and neutrophil
infiltrate was additive and each agent recruited a distinct population
of T cells to the lung. While it did appear that adenovirus infection
worsened the emphysema, these changes were only modest;
however, this study represents an important first step in using the
combination of smoke exposure and viral infection to cause greater
damage to lung that may more accurately reflect the degree of
damage observed in the lungs of COPD patients with advanced
disease. More recent attempts have looked at the effect of viral
infection after smoke exposure. Gualano et al. (2008) assessed the
impact 3–10 days of cigarette smoke exposure had on the response to
a subsequent influenza infection using mice. They hypothesized that
smoke exposure would increase the level of inflammation in the lung
leading a more rapid clearance of the infection; however, the results
did not support this thesis. Instead it was observed that animals
exposed to smoke and infected with virus developed a greater level of
lung inflammation. Rather than having increased viral clearance, viral
titres were elevated in smoke exposed mice after 3 days. The authors
attributed to possible smoking-induced alterations in how the T cells
responded to the influenza infection. Observations that cigarette
smoke impairs anti-viral responses has also been observed in human
preclinical in vitro models (Modestou et al., 2010). A similar finding
was reported by Robbins et al. (2006) in a chronic smoking model
(3–5 months), but using a different strain of mice and influenza. In
this study, the effect on smoke exposure on the response to infection
depended on the dose of influenza. After 3 – 5 months of smoke
exposure animals infected with a low dose of virus (that produced no
clinical symptoms) had less lung inflammation and enhanced viral
clearance (the latter was attributed to a heightened type IFN
response) compared to control mice infected with influenza only.
On the other hand, animals exposed to smoke and infected with a
high-dose of virus (that produced clinical symptoms) progressively
worsened and nearly 35% of those mice died 7 days after the infection.
The combination of smoke and high-dose of influenza also led to
greater BAL inflammation, but there was no change in lung tissue
inflammation compared to control mice infected but not exposed to
smoke. The underlying mechanisms for the worsened symptoms
associated with combining infection with smoke exposure remain
unclear as there were no differences in viral clearance, T cells
populations, or the secondary antibody responses upon re-infection.
That said, from these three studies it is clear that combining cigarette
smoke exposures with a single viral infection will likely lead to
enhanced inflammation and lung pathologies. Next steps may include
investigating the effects of multiple infections in addition to chronic
smoke exposure on lung inflammation, structure and function.

There has been some progress moving in the direction of the last
point, but rather than using live virus, some groups have opted to use
components of viruses known to trigger the activation of pathogen-
associated molecular pattern (PAMPs) pathways, such as polyinosinic:
polycytidylic acid (poly-IC). Poly-IC is a synthetic version of the dsRNA
present in some viruses and has been shown to activate Toll-like
receptor 3 (TLR3). In a study by Kang et al. (2008), two strains of mice
were exposed to cigarette smoke for 4 weeks and during the last two
weeks of the exposures, the mice were also administered 4 doses of
poly-IC. The combination of smoke and poly-IC led to a heightened
inflammatory response, airspace enlargement and evidence of fibrotic
remodelling of the airways (Kang et al., 2008). They also found similar
results using influenza in combination with smoke. These types of
pathological changes are typically only observable after several (4–6)
months of smoke exposures; thus, this provides further evidence that
combining these stimuli will accelerate the development of COPD-like
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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changes occurring in the lungs of small laboratory animals. It will be
interesting to see whether these changes can become progressive with
increasing duration of smoke exposure and whether they resolve when
the poly-IC challenges or smoke exposures are stopped. Further, the
effects on lung function also need to be characterised in these systems
because these are important preclinical correlative endpoints that relate
to those used to assess a patient's condition.

In addition to using virus and virus-associated molecules, infecting
small animals with bacteria has also been used to model COPD acute
exacerbation-like changes. Several types of bacteria are associated with
COPD exacerbations including Moraxella catarrhalis, Streptococcus
pneumoniae, and nontypeable Haemophilus influenzae (NTHI), the latter
being the most common isolated from the airways of COPD patients.
Recently, it was reported that after 8 weeks of cigarette smoke
exposures, infection with NTHI led to enhanced airway inflammation,
although there was no assessment of COPD-related pathologies
(Gaschler et al., 2009). Exposure to cigarette smoke skewed the profile
of inflammatory cytokines produced after Infection with NTHI and
enhanced the clearance of NTHI in the lung. The same group had
previously shown that smoke also altered the response to infectionwith
Pseudomonas aeruginosa, an opportunistic infection that occurs in late-
stage COPD patients. In animals exposed to smoke and infected with P.
aeruginosa there was a worsened clinical score and a heightened
inflammatory response, but in this study they attributed these changes
to smoke exposures reducing the clearance of the infection from the
lung (Drannik et al., 2004). The reasons for the differences observed in
these two models are unclear at present, but underscores the
complexity of combining cigarette smoke exposure with human
pathogens to model these acute events, including the type of bacterium
used as well as the virulence of the chosen strains (Chin et al., 2005). In
addition to being a major cause of exacerbations, bacterial colonization
of the lung is also likely to affect disease progression and can occur in
patients with stable COPD (i.e. those who have not experienced an
exacerbation). Developing models of colonization has been difficult
becausemost of the human pathogens associatedwith exacerbations of
COPD are typically cleared within 24 h after instillation into rodent
airways. As we previously suggested, moving towards using more
species-specificpathogensmayallow investigators tomimic these types
of infectionsmore effectively; however, a major caveat to this approach
will be to determine what the comparative differences are in the
immunological responses to different pathogens in different species.

3.4. Using mouse genetics to understand
mechanisms underlying COPD susceptibility

Although there are comparative differences in genetics, anatomy
and physiology, the use of laboratory animals obviously allows
investigators to test hypothesis about the causal mechanisms
underlying disease in ways that cannot be done in man. The mouse
has become the species of choice for most of these studies because of
the availability of molecular tools, the variety of in-bred strains with
different phenotypic traits and, most importantly, the entire mouse
genome has been sequenced and is readily manipulated to generate
genetically modified mouse models.

The mouse has also been very important for our understanding of
the pathogenesis of COPD. There are several naturally occurring
mutant mouse strains (e.g. Tight skin, beige, pallid), gene-knockout
mouse lines (e.g. retinoic acid receptor-g−/−, surfactant D−/−) and
transgenic mouse lines overexpressing certain mediators (e.g. IL-13,
IL-18, IFN-g) that develop airspace enlargement (reviewed in
Mahadeva & Shapiro, 2002). In some cases, the emphysema-like
changes are the results of abnormal development (e.g. Tight skin,
beige and retinoic acid receptor-g−/− mice); however, in all cases the
phenotypes shed some light on the mechanisms controlling alveolar
development and deterioration. Furthermore, knockout and trans-
genic mouse models have yielded insights into mechanisms directly
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
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involved in mediating the inflammation and lung pathologies induced
by smoke exposures (e.g. Nrf2−/− and MMP-12−/−mice).

While thesemonogenetic mousemodels have provided insights into
COPD pathogenesis, susceptibility for developing complex syndromes
such as COPD are more likely to be the result of a combination of allelic
variants that leave an individual more susceptible to the effects of
cigarette smoke exposure. There have been several groups who have
started to compare the degree of cigarette smoke-induced lung damage
amongst different strains ofmice inanattempt tounderstand thegenetic
factors that may underlie COPD susceptibility. The earliest approaches
compared the effects of smoke exposure in a few mouse strains with
differences in specificmolecular phenotypic traits – i.e. different levels of
alpha1-antitrypsin (Cavarra et al., 2001), different antioxidant responses
(Bartalesi et al., 2005) and different major histocompatibility complex
haplotypes (Guerassimov et al., 2004). Currently, there are ongoing
studies using more sophisticated molecular genetics technologies in an
attempt to link the genetic variation amongst mouse strains to the
differences in their susceptibility to smoking-induced lung pathologies
in hopes of understanding more about the polygenetic mechanisms
underlying COPD (Shapiro et al., 2004). Such studies will hopefully lead
not only to new insights into common mechanisms associated with
COPD pathogenesis, but may also provide more information that may
help define distinct COPD patient sub-populations.

3.5. Modelling systemic co-morbidities of COPD

In addition to the progressive airflow obstruction, COPD patients
often suffer from additional conditions that can impact on their
prognosis. Cardiovascular disease, lung cancer, pulmonary hyperten-
sion, diabetes, osteoporosis and cachexia are common co-morbidities
that patients may suffer from in addition to COPD. These conditions
cannot only impact on the functional capacity of the patients limiting
theirmobility and quality of life, but can also be a direct cause of death. It
is not understood whether these co-morbidities are independent co-
existing conditions (as a result of theadvanced ageor smokinghistory of
the patient) or a consequence of the patients' COPD. In either scenario, it
is generally agreed that the inflammation associated with smoking and
COPDwill contribute to andworsen these co-morbidities. To account for
the impact these comorbid diseases have on patient prognosis, recent
clinical studies (e.g. TORCH and UPLIFT) have begun to use all-cause
mortality as anendpoint to assess the efficacyof therapeutic approaches
(reviewed in Sin et al., 2006). Additionally, drugs thatmay impact on the
co-morbidities (e.g. statins) may also provide an important therapeutic
benefit for COPD patients and are currently being trialled clinically
(reviewed in Barnes & Celli, 2009).

To further our understanding of the important role co-morbidities
may play in COPD pathogenesis, investigators are using the rodent
smoking models to mimic some of the pulmonary and systemic co-
morbidities associated with COPD. For instance, several groups have
demonstrated that chronic cigarette smoke exposure can induce
pulmonary hypertensive-like changes (Wright & Churg, 1991; Nad-
ziejko et al., 2007). These models are now being used to assess the
efficacy of compounds against both the hypertensive- and COPD-like
changes in the same animals (Sussan et al., 2009). Other groups have
started to focus on examining the effect chronic cigarette smoke
exposure has on systemic inflammation and how it leads to changes in
peripheral skeletal muscle fibre-type composition as well as muscle
atrophy in mice (Gosker et al., 2009; Tang et al., 2010). These models
may provide new insights into the mechanisms associated with this
systemic feature of the disease that is associated with a poor prognosis
(Schols et al., 2005).

Additionally, new models are also being developed to investigate
the link between COPD and cardiovascular co-morbidities. For
example, a clinical association between the degree of emphysema
and arterial stiffness has been established (McAllister et al., 2007).
Some investigators have now begun to use animal models to further
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008
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investigate these associations and genetic models of atherosclerosis
(e.g. ApoE−/− and Ldlr−/− mice exposed to a Western diet) have also
demonstrated such a link exists (Golovatch et al., 2009). The fact that
cigarette smoke has been shown to induce atherosclerosis-like
changes in ApoE−/−mice through different pathways and independent
of a high fat diet (Stolle et al., 2008) suggests a logical next stepwould be
to determine whether these models can interact to determine produce
enhanced lung pathologies and reduced functional capacity.

Thesemodels mimicking the systemic aspects of COPD represent an
exciting newapproach for investigating themechanisms underlying the
pathophysiology of the disease. Investigating the interaction between
cigarette smoke, extrapulmonary physiological changes, and changes to
lung structure and function may expand the number of therapeutic
options and lead to novel approaches that can be used to help manage
the disease.

4. Next steps for modelling allergic asthma and COPD

Over the last decade, there have been significant improvements in
the methods for modelling allergic asthma and COPD in small
animals; however, it is clear that no one model will provide all the
answers. For asthma, these include the use of more clinically relevant
antigens and methods of sensitisations as well as the ability to model
fatal AHR that is associated with the severe form of the disease.
However, there is still a need to develop models of severe asthma that
can reflect not only severe AHR to methacholine challenge, but also
severe bronchospasm as a result of allergen or viral exposure that is
not effectively attenuated with glucocortioids or β-agonists.

For COPD, using cigarette smoke to model the disease has been
established as the primary model used by most investigators. These
models can be used tomimic the pathological andphysiological changes
in the lung as well as some of the systemic changes associated with
COPD. That said, the severity of these changes in the models are mild
compared to the clinical manifestation of the disease and changes in
lung function are not routinely assessed. New models combining
cigarette smoke exposure with systems mimicking extra-pulmonary
conditions commonly associated with COPD may lead to alterations in
physiology that more accurately reflect the clinical disease.
Fig. 1. How do infections contribute to asthma and COPD pathogenesis? This schematic pos
asthma/COPD susceptibility and disease progression. These ideas can be initially tested in pr
inducing agents (i.e. allergen or cigarette smoke).
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The progress that has been made is encouraging, but the challenge
is still great. In addition to building on the work reviewed here, next
steps should include a concerted effort to use these models to
understand more about the interaction between polygenetic deter-
minants, baseline physiology and early-life events that may underlie
the susceptibility to allergen- and cigarette smoke-driven changes in
physiology. Further characterisation of the interaction between viral
and/or bacterial infections and these [allergen- or smoke-driven]
models, may also provide improved models of severe respiratory
disease (Fig. 1). Additionally, routinely assessing preclinical correlates
to the parameters measured in the clinic is essential to our
understanding of how these mechanisms may translate. Integrating
the knowledge gained through in vivo models in parallel with clinical
observations and studies conducted using clinical specimens will
hopefully lead to further insights into how we understand, define and
treat these chronic respiratory diseases.

5. Uncited references

Church and Pryor, 1985
Ford et al., 2009
Leme et al., 2009
Noble et al., 1997
Wright et al., 2008

Acknowledgments

Dr. Stevenson's salary during the preparation of this manuscriptwas
supported by a Capacity Building Award in Integrative Mammalian
Biology funded by the BBSRC, BPS, HEFCE, KTN, and MRC. Dr. Birrell's
salary aswell as Drs. Stevenson and Birrell's work developingmodels of
cigarette smoke-induced lung inflammation and lung damage at
Imperial College is supported by a project grant from the Medical
Research Council (grant# G0800196). Additionally, Dr. Stevenson's
work investigating mechanisms related to COPD susceptibility using
these models is supported by a project grant from the Wellcome Trust
(grant# 088284/Z/09/Z).
es two questions and related hypotheses explaining how infections may contribute to
eclinical in vivo models by altering the timing of infections and challenges to “disease”-

rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008

http://dx.doi.org/10.1016/j.pharmthera.2010.10.008


1159

1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231

Q19
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242

1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328

11C.S. Stevenson, M.A. Birrell / Pharmacology & Therapeutics xxx (2010) xxx–xxx
References

Agustí, A., MacNee, W., Donaldson, K., & Cosio, M. (2003). Hypothesis: does COPD have
an autoimmune component? Thorax 58, 832−834.

Asokananthan,N., Graham, P. T., Stewart,D. J., Bakker, A. J., Eidne, K.A., Thompson, P. J., et al.
(2002).Housedustmite allergens induceproinflammatory cytokines fromrespiratory
epithelial cells: the cysteine protease allergen, Der p 1, activates protease-activated
receptor (PAR)-2 and inactivates PAR-1. J Immunol 169, 4572−4578.

Barends, M., de Rond, L. G., Dormans, J., van Oosten, M., Boelen, A., Neijens, H. J., et al.
(2004). Respiratory syncytial virus, pneumonia virus of mice, and influenza A virus
differently affect respiratory allergy in mice. Clin Exp Allergy 34, 488−496.

Barnes, P. J., & Celli, B. R. (2009). Systemic manifestations and comorbidities of COPD.
Eur Respir J 33, 1165−1185.

Bartalesi, B., Cavarra, E., Fineschi, S., Lucattelli, M., Lunghi, B., Martorana, P. A., et al.
(2005). Different lung responses to cigarette smoke in two strains of mice sensitive
to oxidants. Eur Respir J 25, 15−22.

Bartlett, N. W., Walton, R. P., Edwards, M. R., Aniscenko, J., Caramori, G., Zhu, J., et al.
(2008). Mouse models of rhinovirus-induced disease and exacerbation of allergic
airway inflammation. Nat Med 14, 199−204.

Bates, J. H., Cojocaru, A., Haverkamp, H. C., Rinaldi, L. M., & Irvin, C. G. (2008). The
synergistic interactions of allergic lung inflammation and intratracheal cationic
protein. Am J Respir Crit Care Med 177, 261−268.

Birrell, M. A., Battram, C. H., Woodman, P., McCluskie, K., & Belvisi, M. G. (2003).
Dissociation by steroids of eosinophilic inflammation from airway hyperrespon-
siveness in murine airways. Respir Res 4, 3.

Birrell, M. A., McCluskie, K., Wong, S., Donnelly, L. E., Barnes, P. J., & Belvisi, M. G. (2005).
Resveratrol, an extract of red wine, inhibits lipopolysaccharide induced airway
neutrophilia and inflammatory mediators through an NF-kappaB-independent
mechanism. FASEB J 19, 840−841.

Birrell, M. A., Wong, S., Hele, D. J., McCluskie, K., Hardaker, E., & Belvisi, M. G. (2005).
Steroid-resistant inflammation in a rat model of chronic obstructive pulmonary
disease is associated with a lack of nuclear factor-kappaB pathway activation. Am J
Respir Crit Care Med 172, 74−84.

Birrell, M. A., Wong, S., Hardaker, E. L., Catley, M. C., McCluskie, K., Collins, M., et al. (2006).
IkappaB kinase-2-independent and -dependent inflammation in airway disease
models: relevance of IKK-2 inhibition to the clinic. Mol Pharmacol 69, 1791−1800.

Borzone, G. R., Liberona, L. F., Bustamante, A. P., Saez, C. G., Olmos, P. R., Vecchiola, A.,
et al. (2009). Differences in lung glutathione metabolism may account for rodent
susceptibility in elastase-induced emphysema development. Am J Physiol Regul
Integr Comp Physiol 296, R1113−R1123.

Bramley, A. M., Khan, M. A., Manson, H. E., & Hegele, R. G. (2003). Development of
respiratory syncytial virus “bronchiolitis” in guinea pigs does not reflect an allergic
predisposition in the host. Chest 124, 671−681.

Brass, D. M., Hollingsworth, J. W., Cinque, M., Li, Z., Potts, E., Toloza, E., et al. (2008).
Chronic LPS inhalation causes emphysema-like changes in mouse lung that are
associated with apoptosis. Am J Respir Cell Mol Biol 39, 584−590.

Cates, E. C., Fattouh, R., Wattie, J., Inman, M. D., Goncharova, S., Coyle, A. J., et al. (2004).
Intranasal exposure of mice to house dust mite elicits allergic airway inflammation
via a GM-CSF-mediated mechanism. J Immunol 173, 6384−6392.

Cavarra, E., Bartalesi, B., Lucattelli, M., Fineschi, S., Lunghi, B., Gambelli, F., et al. (2001).
Effects of cigarette smoke inmice with different levels of 1-proteinase inhibitor and
sensitivity to oxidants. Am J Respir Crit Care Med 164, 886−890.

Chávez-Bueno, S., Mejías, A., Gómez, A. M., Olsen, K. D., Ríos, A. M., Fonseca-Aten, M.,
et al. (2005). Respiratory syncytial virus-induced acute and chronic airway disease
is independent of genetic background: an experimental murine model. Virol J 2, 46.

Chin, C. L., Manzel, L. J., Lehman, E. E., Humlicek, A. L., Shi, L., Starner, T. D., et al. (2005).
Haemophilus influenzae from patients with chronic obstructive pulmonary disease
exacerbation induce more inflammation than colonizers. Am J Respir Crit Care Med
172, 85−91.

Church, D. F., & Pryor, W. A. (1985). Free-radical chemistry of cigarette smoke and its
toxicological implications. Environ Health Perspect 64, 111−126.

Churg, A., & Wright, J. L. (2007). Animal models of cigarette smoke-induced chronic
obstructive lung disease. Contrib Microbiol 14, 113−125.

Churg, A., Wang, R. D., Tai, H., Wang, X., Xie, C., & Wright, J. L. (2004). Tumor necrosis
factor-alpha drives 70% of cigarette smoke-induced emphysema in the mouse. Am J
Respir Crit Care Med 170, 492−498.

Curtis, J. L., Freeman, C. M., & Hogg, J. C. (2007). The immunopathogenesis of chronic
obstructive pulmonary disease: insights from recent research. Proc Am Thorac Soc 4,
512−521.

Dakhama, A., Bramley, A. M., Chan, N. G., McKay, K. O., Schellenberg, R. R., & Hegele, R. G.
(1999). Effect of respiratory syncytial virus on subsequent allergic sensitization to
ovalbumin in guinea-pigs. Eur Respir J 13, 976−982.

De Alba, J., Raemdonck, K., Dekkak, A., Collins, M., Wong, S., Nials, A. T., et al. (2009, Oct
20). HDM induces direct airway inflammation in vivo: implications for future
disease therapy? Eur Respir J.

de Kluijver, J., Evertse, C. E., Sont, J. K., Schrumpf, J. A., & van Zeijl-van Test, C. J. (2003).
Are rhinovirus-induced airway responses in asthma aggravated by chronic allergen
exposure? Am J Respir Crit Care Med 168, 1174−1180.

Denzler, K. L., Borchers, M. T., Crosby, J. R., Cieslewicz, G., Hines, E. M., Justice, J. P., et al.
(2001). Extensive eosinophil degranulation and peroxidase-mediated oxidation of
airway proteins do not occur in a mouse ovalbumin-challenge model of pulmonary
inflammation. J Immunol 167, 1672−1682.

D'hulst, A. I., Vermaelen, K. Y., Brusselle, G. G., Joos, G. F., & Pauwels, P. A. (2005). Time
course of cigarette smoke-induced pulmonary inflammation in mice. Eur Respir J
26, 204−213.
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
improved clinical relevance, Pharmacology & Therapeutics (2010), doi:1
Disis, M. L., Bernhard, H., Shiota, F. M., Han, S. L., Gralow, J. R., Huseby, E. S., et al. (1996).
Granulocyte-macrophage colony-stimulating factor: an effective adjuvant for
protein and peptide-based vaccines. Blood 88, 202−210.

Donaldson, G. C., Seemungal, T. A., Bhowmik, A., & Wedzicha, J. A. (2002). Relationship
between exacerbation frequency and lung function decline in chronic obstructive
pulmonary disease. Thorax 57, 847−852.

Dong, W., Selgrade, M. K., & Gilmour, M. I. (2003). Systemic administration of Bordetella
pertussis enhances pulmonary sensitization to house dust mite in juvenile rats.
Toxicol Sci 72, 113−121.

Dougherty, R. H., & Fahy, J. V. (2009). Acute exacerbations of asthma: epidemiology,
biology and the exacerbation-prone phenotype. Clin Exp Allergy 39, 193−202.

Drannik, A. G., Pouladi, M. A., Robbins, C. S., Goncharova, S. I., Kianpour, S., & Stampfli, M.
R. (2004). Impact of cigarette smoke on clearance and inflammation after
Pseudomonas aeruginosa infection. Am J Respir Crit Care Med 170, 1164−1171.

Eriksson, S. (1965). Studies in α1-antitrypsin deficiency. Acta Med Scand s432, 1−85.
Eum, S. Y., Maghni, K., Hamid, Q., Eidelman, D. H., Campbell, H., Isogai, S., et al. (2003).

Inhibition of allergic airways inflammation and airway hyperresponsiveness in
mice by dexamethasone: role of eosinophils, IL-5, eotaxin, and IL-13. J Allergy Clin
Immunol 111, 1049−1061.

Evans, C. M., Fryer, A. D., Jacoby, D. B., Gleich, G. J., & Costello, R.W. (1997). Pretreatment
with antibody to eosinophil major basic protein prevents hyperresponsiveness by
protecting neuronal M2 muscarinic receptors in antigen-challenged guinea pigs. J
Clin Invest 100, 2254−2262.

Ferretti, S., Bonneau, O., Dubois, G. R., Jones, C. E., & Trifilieff, A. (2003). IL-17, produced
by lymphocytes and neutrophils, is necessary for lipopolysaccharide-induced
airway neutrophilia: IL-15 as a possible trigger. J Immunol 170, 2106−2112.

Flood-Page, P., Menzies-Gow, A., Phipps, S., Ying, S., Wangoo, A., Ludwig, M. S., et al.
(2003). Anti-IL-5 treatment reduces deposition of ECM proteins in the bronchial
subepithelial basement membrane of mild atopic asthmatics. J Clin Invest 112,
1029−1036.

Flood-Page, P., Swenson, C., Faiferman, I., Matthews, J., Williams, M., Brannick, L., et al.
(2007). International Mepolizumab Study Group, A study to evaluate safety and
efficacy of mepolizumab in patients with moderate persistent asthma. Am J Respir
Crit Care Med 176, 1062−1071.

Ford, W., Herbert, A., Kidd, E., & Broadley, K. (2009). Parainfluenza 3 viral exacerbation
of ovalbumin-induced pulmonary inflammation in guinea-pigs is resistant to
fluticasone.Proc Brit Pharmacol Soc 7 abst, C019.

Foronjy, R. F., Mirochnitchenko, O., Propokenko, O., Lemaitre, V., Jia, Y., Inouye, M., et al.
(2006). Superoxide Dismutase Expression Attenuates Cigarette Smoke- or Elastase-
generated Emphysema in Mice. Am J Respir Crit Care Med 173, 623−631.

Fuchs, B., & Braun, A. (2008). Improved mouse models of allergy and allergic asthma –

chances beyond ovalbumin. Curr Drug Targets 9, 495−502.
Fujisawa, T., Kato, Y., Nagase, H., Atsuta, J., Terada, A., Iguchi, K., et al. (2000). Chemokines

induce eosinophil degranulation through CCR-3. J Allergy Clin Immunol 106, 507−513.
Fujita, M., Ye, Q., Ouchi, H., Nakashima, N., Hamada, N., Hagimoto, N., et al. (2004). Retinoic

acid fails to reverse emphysema in adult mouse models. Thorax 59, 224−230.
Gaschler, G. J., Skrtic, M., Zavitz, C. C., Lindahl, M., Onnervik, P. O., Murphy, T. F., et al.

(2009). Bacteria challenge in smoke-exposed mice exacerbates inflammation and
skews the inflammatory profile. Am J Respir Crit Care Med 179, 666−675.

Gleich, G. J., Jacoby, D. B., & Fryer, A. D. (1995). Eosinophil-associated inflammation in
bronchial asthma: a connection to the nervous system. Int Arch Allergy Immunol
107, 205−207.

Golovatch, P., Lemaitre, V., & D'Armiento, J. M. (2009). The development of emphysema
in murine models of atherosclerosis. Am J Respir Crit Care Med 179, A1002.

Gosker, H. R., Langen, R. C., Bracke, K. R., Joos, G. F., Brusselle, G. G., Steele, C., et al.
(2009). Extrapulmonary manifestations of chronic obstructive pulmonary disease
in a mouse model of chronic cigarette smoke exposure. Am J Respir Cell Mol Biol 40,
710−716.

Graham, B. S., Perkins, M. D., Wright, P. F., & Karzon, D. T. (1988). Primary respiratory
syncytial virus infection in mice. J Med Virol 26, 153−162.

Gregory, L. G., Causton, B., Murdoch, J. R., Mathie, S. A., O'Donnell, V., Thomas, C. P., et al.
(2009). Inhaled house dust mite induces pulmonary T helper 2 cytokine
production. Clin Exp Allergy 39, 1597−1610.

Gross, P., Pfitzer, E. A., Tolker, E., Babyak, M. A., & Kaschak, M. (1965). Experimental
emphysema. Its production with papain in normal and silicotic rats. Arch Environ
Health 11, 50−58.

Gualano, R. C., Hansen, M. J., Vlahos, R., Jones, J. E., Park-Jones, R. A., Deliyannis, G., et al.
(2008). Cigarette smoke worsens lung inflammation and impairs resolution of
influenza infection in mice. Respir Res 9, 53.

Guerassimov, A., Hoshino, Y., Takubo, Y., Turcotte, A., Yamamoto, M., Ghezzo, H., et al.
(2004). The development of emphysema in cigarette smoke-exposed mice is strain
dependent. Am J Respir Crit Care Med 170, 974−980.

Haldar, P., Brightling, C. E., Hargadon, B., Gupta, S., Monteiro, W., Sousa, A., et al. (2009).
Mepolizumab and exacerbations of refractory eosinophilic asthma. N Engl J Med
360, 973−984.

Hall, C. B. (2001). Respiratory syncytial virus and parainfluenza virus. N Engl J Med 344,
1917−1928.

Hammad, H., Chieppa, M., Perros, F., Willart, M. A., Germain, R. N., & Lambrecht, B. N.
(2009). House dust mite allergen induces asthma via Toll-like receptor 4 triggering
of airway structural cells. Nat Med 15, 410−416.

Hashimoto, K., Graham, B. S., Ho, S. B., Adler, K. B., Collins, R. D., Olson, S. J., et al. (2004).
Respiratory syncytial virus in allergic lung inflammation increases Muc5ac and
gob-5. Am J Respir Crit Care Med 170, 306−312.

Hautamaki, R. D., Kobayashi, D. K., Senior, R. M., & Shapiro, S. D. (1997). Requirement for
macrophage elastase for cigarette smoke-induced emphysema inmice. Science 277,
2002−2004.
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008

http://dx.doi.org/10.1016/j.pharmthera.2010.10.008


1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414

1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500

12 C.S. Stevenson, M.A. Birrell / Pharmacology & Therapeutics xxx (2010) xxx–xxx
Hegele, R. G., Robinson, P. J., Gonzalez, S., & Hogg, J. C. (1993). Production of acute
bronchiolitis in guinea-pigs by human respiratory syncytial virus. Eur Respir J 6,
1324−1331.

Henrickson, K. J., Hoover, S., Kehl, K. S., & Hua, W. (2004). National disease burden of
respiratory viruses detected in children by polymerase chain reaction. Pediatr Infect
Dis J 23, S11−S18.

Hogg, J. C., Chu, F., Utokaparch, S., Woods, R., Elliott, W. M., Buzatu, L., et al. (2004). The
nature of small-airway obstruction in chronic obstructive pulmonary disease. N
Engl J Med 350, 2645−2653.

Houghton, A. M., Quintero, P. A., Perkins, D. L., Kobayashi, D. K., Kelley, D. G., Marconcini,
L. A., et al. (2006). Elastin fragments drive disease progression in a murine model of
emphysema. J Clin Invest 116, 753−759.

Ishii, A., Takaoka, M., & Matsui, Y. (1997). Production of guinea pig reaginic antibody
against the house dust mite extract, Dermatophagoides pteronyssinus, without
adjuvant. Jpn J Exp Med 47, 377−383.

Ishii, Y., Itoh, K., Morishima, Y., Kimura, T., Kiwamoto, T., Iizuka, T., et al. (2005).
Transcription factor Nrf2 plays a pivotal role in protection against elastase-induced
pulmonary inflammation and emphysema. J Immunol 15, 6968−6975.

Ito, K., Herbert, C., Siegle, J. S., Vuppusetty, C., Hansbro, N., Thomas, P. S., et al. (2008).
Steroid-resistant neutrophilic inflammation in a mouse model of an acute
exacerbation of asthma. Am J Respir Cell Mol Biol 39, 543−550.

Jackson, D. J., Gangnon, R. E., Evans, M. D., Roberg, K. A., Anderson, E. L., Pappas, T. E.,
et al. (2008). Wheezing rhinovirus illnesses in early life predict asthma
development in high-risk children. Am J Respir Crit Care Med 178, 667−672.

Jobse, B. N., Johnson, J. R., Farncombe, T. H., Labiris, R., Walker, T. D., Goncharova, S., et al.
(2009). Evaluation of allergic lung inflammation by computed tomography in a rat
model in vivo. Eur Respir J 33, 1437−1447.

Johnson, J. R., Wiley, R. E., Fattouh, R., Swirski, F. K., Gajewska, B. U., Coyle, A. J., et al.
(2004). Continuous exposure to house dust mite elicits chronic airway inflamma-
tion and structural remodelling. Am J Respir Crit Care Med 169, 378−385.

Johnson, J. R., Pacitto, S. R., Wong, J., Archer, E. W., Eirefelt, S., Miller-Larsson, A., et al.
(2008). Combined budesonide/formoterol therapy in conjunction with allergen
avoidance ameliorates house dust mite-induced airway remodeling and dysfunc-
tion. Am J Physiol Lung Cell Mol Physiol 295, L780−L788.

Johnston, S. L., Pattemore, P. K., Sanderson, G., Smith, S., Lampe, F., Josephs, L., et al.
(1995). Community study of role of viral infections in exacerbations of asthma in 9–
11 year old children. BMJ 310, 1225−1229.

Kang, M. J., Lee, C. G., Lee, J. Y., Dela Cruz, C. S., Chen, Z. J., Enelow, R., et al. (2008).
Cigarette smoke selectively enhances viral PAMP- and virus-induced pulmonary
innate immune and remodeling responses in mice. J Clin Invest 118, 2771−2784.

Kaplan, P. D., Kuhn, C., & Pierce, J. A. (1973). The induction of emphysema with elastase. I.
The evolution of the lesion and the influence of serum. J Lab Clin Med 82, 349−356.

King, C., Brennan, S., Thompson, P. J., & Stewart, G. A. (1998). Dust mite proteolytic
allergens induce cytokine release from cultured airway epithelium. J Immunol 161,
3645−3651.

Kondo, Y., Matsuse, H., Machida, I., Kawano, T., Saeki, S., Tomari, S., et al. (2004). Effects
of primary and secondary low-grade respiratory syncytial virus infections in a
murine model of asthma. Clin Exp Allergy 34, 1307−1313.

Kuhn, C., Yu, S. Y., Chraplyvy, M., Linder, H. E., & Senior, R. M. (1976). The induction of
emphysema with elastase. II. Changes in connective tissue. Lab Invest 34, 372−380.

Kumar, R. K., Herbert, C., & Kasper, M. (2004). Reversibility of airway inflammation and
remodelling following cessation of antigenic challenge in a model of chronic
asthma. Clin Exp Allergy 34, 1796−1802.

Kuraki, T., Ishibashi, M., Takayama, M., Shiraishi, M., & Yoshida, M. (2002). A novel oral
neutrophil elastase inhibitor (ONO-6818) inhibits human neutrophil elastase-
induced emphysema in rats. Am J Respir Crit Care Med 166, 496−500.

Laurell, C. -B., & Eriksson, S. (1963). The electrophoreticα1-globulin pattern of serum in
α1-antitrypsin deficiency. Scand J Clin Lab Invest 15, 132−140.

Lee, J. J., Dimina, D., Macias, M. P., Ochkur, S. I., McGarry, M. P., O'Neill, K. R., et al. (2004).
Defining a link with asthma in mice congenitally deficient in eosinophils. Science
305, 1773−1776.

Lee, K. K., Hegele, R. G., Manfreda, J., Wooldrage, K., Becker, A. B., Ferguson, A. C., et al.
(2007). Relationship of early childhood viral exposures to respiratory symptoms,
onset of possible asthma and atopy in high risk children: the Canadian Asthma
Primary Prevention Study. Pediatr Pulmonol 42, 290−297.

Legg, J. P., Hussain, I. R., Warner, J. A., Johnston, S. L., & Warner, J. O. (2003). Type 1 and
type 2 cytokine imbalance in acute respiratory syncytial virus bronchiolitis. Am J
Respir Crit Care Med 168, 633−639.

Lemanske, R. F., Jr., Jackson, D. J., Gangnon, R. E., Evans, M. D., Li, Z., Shult, P. A., et al.
(2005). Rhinovirus illnesses during infancy predict subsequent childhood
wheezing. J Allergy Clin Immunol 116, 571−577.

Leme, A. S., Berndt, B., Williams, L. K., Paigen, B., & Shapiro, S. D. (2009). Interstrain
variability on the development of emphysema in cigarette smoke-exposed mice.
Am J Respir Crit Care Med 179, A1008.

Lucey, E. C., Keane, J., Kuang, P. P., Snider, G. L., & Goldstein, R. H. (2002). Severity of
elastase-induced emphysema is decreased in tumor necrosis factor-alpha and
interleukin-1beta receptor-deficient mice. Lab Invest 82, 79−85.

Lucey, E. C., Goldstein, R. H., Breuer, R., Rexer, B. N., Ong, D. E., & Snider, G. L. (2003).
Retinoic acid does not affect alveolar septation in adult FVB mice with elastase-
induced emphysema. Respiration 70, 200−205.

Lukacs, N. W., Tekkanat, K. K., Berlin, A., Hogaboam, C. M., Miller, A., Evanoff, H., et al.
(2001). Respiratory syncytial virus predisposes mice to augmented allergic airway
responses via IL-13-mediated mechanisms. J Immunol 167, 1060−1065.

Lukacs, N. W., Moore, M. L., Rudd, B. D., Berlin, A. A., Collins, R. D., Olson, S. J., et al. (2006).
Differential immune responses and pulmonary pathophysiology are induced by two
different strains of respiratory syncytial virus. Am J Pathol 169, 977−986.
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
improved clinical relevance, Pharmacology & Therapeutics (2010), doi:1
Maes, T., Bracke, K. R., Vermaelen, K. Y., Demedts, I. K., Joos, G. F., Pauwels, R. A., et al.
(2006). Murine TLR4 is implicated in cigarette smoke-induced pulmonary
inflammation. Int Arch Allergy Immunol 141, 354−368.

Mahadeva, R., & Shapiro, S. D. (2002). Chronic obstructive pulmonary disease * 3:
Experimental animal models of pulmonary emphysema. Thorax 57, 908−914.

Makris, D., Moschandreas, J., Damianaki, A., Ntaoukakis, E., Siafakas, N. M., Milic Emili, J.,
et al. (2007). Exacerbations and lung function decline in COPD: new insights in
current and ex-smokers. Respir Med 101, 1305−1312.

Maksvytis, H. J., Vaccaro, C., & Brody, J. S. (1981). Isolation and characterization of the lipid-
containing interstitial cell from the developing rat lung. Lab Invest 45, 248−259.

March, T. H., Cossey, P. Y., Esparza, D. C., Dix, K. J., McDonald, J. D., & Bowen, L. E. (2004).
Inhalation administration of all-trans-retinoic acid for treatment of elastase-
induced pulmonary emphysema in Fischer 344 rats. Exp Lung Res 30, 383−404.

Marwick, J. A., Kirkham, P. A., Stevenson, C. S., Danahay, H., Giddings, J., Butler, K., et al.
(2004). Cigarette smoke alters chromatin remodeling and induces proinflamma-
tory genes in rat lungs. Am J Respir Cell Mol Biol 31, 633−642.

Marwick, J. A., Caramori, G., Stevenson, C. S., Casolari, P., Jazrawi, E., Barnes, P. J., et al.
(2009). Inhibition of PI3K{delta} restores glucocorticoid function in smoking-
induced airway inflammation in mice. Am J Respir Crit Care Med 179, 542−548.

Massaro, G. D., & Massaro, D. (1997). Retinoic acid treatment abrogates elastase-
induced pulmonary emphysema in rats. Nat Med 3, 675−677.

Maunsell, K., Wraith, D. G., & Cunnington, A. M. (1968). Mites and house-dust allergy in
bronchial asthma. Lancet, 1267−1270.

McAllen, M. K., Assem, E. S., & Maunsell, K. (1970). House-dust mite asthma, results of
challenge tests on five criteria with Dermatophagoides pteronyssinus. Br Med J 2,
501−504.

McAllister, D. A., Maclay, J. D., Mills, N. L., Mair, G., Miller, J., Anderson, D., et al. (2007).
Arterial stiffness is independently associated with emphysema severity in patients
with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 176,
1208−1214.

McGowan, S. E., Harvey, C. S., & Jackson, S. K. (1995). Retinoids, retinoic acid receptors,
and cytoplasmic retinoid binding proteins in perinatal rat lung fibroblasts. Am J
Physiol 269, L463−L472.

McMillan, S. J., & Lloyd, C. M. (2004). Prolonged allergen challenge in mice leads to
persistent airway remodelling. Clin Exp Allergy 34, 497−507.

Menzies-Gow, A., Ying, S., Sabroe, I., Stubbs, V. L., Soler, D., Williams, T. J., et al. (2002).
Eotaxin (CCL11) and eotaxin-2 (CCL24) induce recruitment of eosinophils,
basophils, neutrophils, and macrophages as well as features of early- and late-
phase allergic reactions following cutaneous injection in human atopic and
nonatopic volunteers. J Immunol 169, 2712−2718.

Mertens, V. E. (1930). Preliminary report on cigarette smoke as possible cause of cancer
of lungs. Ztschi f Kreboforsch 32, 1291.

Meshi, B., Vitalis, T. Z., Ionescu, D., Elliott, W. M., Liu, C., Wang, X. D., et al. (2002).
Emphysematous lung destruction by cigarette smoke. The effects of latent adenoviral
infection on the lung inflammatory response. Am J Respir Cell Mol Biol 26, 52−57.

Modestou, M. A., Manzel, L. J., El-Mahdy, S., & Look, D. C. (2010). Inhibition of IFN-
gamma-dependent antiviral airway epithelial defense by cigarette smoke. Respir
Res 11, 64.

Monick, M. M., Yarovinsky, T. O., Powers, L. S., Butler, N. S., Carter, A. B., Gudmundsson,
G., et al. (2003). Respiratory syncytial virus up-regulates TLR4 and sensitizes
airway epithelial cells to endotoxin. J Biol Chem 278, 53035−53044.

Morris, A., Kinnear, G., Wan, W. Y., Wyss, D., Bahra, P., & Stevenson, C. S. (2008).
Comparison of cigarette smoke-induced acute inflammation in multiple strains of
mice and the effect of a matrix metalloproteinase inhibitor on these responses. J
Pharmacol Exp Ther 327, 851−862.

Morrissey, P. J., Bressler, L., Park, L. S., Alpert, A., & Gillis, S. (1987). Granulocyte-
macrophage colony-stimulating factor augments the primary antibody response by
enhancing the function of antigen-presenting cells. J Immunol 139, 1113−1119.

Nadziejko, C., Fang, K., Bravo, A., & Gordon, T. (2007). Susceptibility to pulmonary
hypertension in inbred strains of mice exposed to cigarette smoke. J Appl Physiol
102, 1780−1785.

National Heart, Lung, and Blood Institute (1997). National Asthma Education and
Prevention Program Expert Panel Report 2. Guidelines for the Diagnosis and
Management of Asthma. Bethesda. .

Newcomb, D. C., & Peebles, R. S., Jr. (2009). Bugs and asthma: a different disease? Proc
Am Thorac Soc 6, 266−271.

Noble, V., Murray, M., Webb, M. S. C., Alexander, J., Swarbrick, A. S., & Milner, A. D.
(1997). Respiratory status and allergy nine to 10 years after acute bronchiolitis.
Arch Dis Child 76, 315−319.

Ochkur, S. I., Jacobsen, E. A., Protheroe, C. A., Biechele, T. L., Pero, R. S., McGarry, M. P.,
et al. (2007). Coexpression of IL-5 and eotaxin-2 in mice creates an eosinophil-
dependent model of respiratory inflammation with characteristics of severe
asthma. J Immunol 178, 7879−7889.

Ofulue, A. F., Ko, M., & Abboud, R. T. (1998). Time course of neutrophil and macrophage
elastinolytic activities in cigarette smoke-induced emphysema. Am J Physiol 275,
L1134−L1144.

Peebles, R. S., Jr., Sheller, J. R., Johnson, J. E., Mitchell, D. B., & Graham, B. S. (1999).
Respiratory syncytial virus infection prolongs methacholine-induced airway
hyperresponsiveness in ovalbumin-sensitized mice. J Med Virol 57, 186−192.

Peebles, R. S., Jr., Hashimoto, K., Collins, R. D., Jarzecka, K., Furlong, J., Mitchell, D. B., et al.
(2001). Immune interaction between respiratory syncytial virus infection and
allergen sensitization critically depends on timing of challenges. J Infect Dis 184,
1374−1379.

Pemberton, P. A., Cantwell, J. S., Kim, K. M., Sundin, D. J., Kobayashi, D., Fink, J. B., et al.
(2005). An inhaled matrix metalloprotease inhibitor prevents cigarette smoke-
induced emphysema in the mouse. COPD 2, 303−310.
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008

http://dx.doi.org/10.1016/j.pharmthera.2010.10.008


1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584

1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642Q20
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668

1669

13C.S. Stevenson, M.A. Birrell / Pharmacology & Therapeutics xxx (2010) xxx–xxx
Phipps, S., Lam, C. E., Kaiko, G. E., Foo, S. Y., Collison, A., Mattes, J., et al. (2009). Toll/IL-1
signaling is critical for house dust mite-specific helper T cell type 2 and type 17
[corrected] responses. Am J Respir Crit Care Med 179, 883−893.

Platt-Mills, T. A. (1995). The role of indoor allergens in asthma. Allergy 50, 5.
Prince, G. A., Jenson, A. B., Horswood, R. L., Camargo, E., & Chanock, R. M. (1978). The

pathogenesis of respiratory syncytial virus infection in cotton rats. Am J Pathol 93,
771−791.

Rabe, K. F., Hurd, S., Anzueto, A., Barnes, P. J., Buist, S. A., Calverley, P., et al. (2007).
Global Initiative for Chronic Obstructive Lung Disease. Global strategy for the
diagnosis, management, and prevention of chronic obstructive pulmonary disease:
GOLD executive summary. Am J Respir Crit Care Med 176, 532−555.

Rangasamy, T., Cho, C. Y., Thimmulappa, R. K., Zhen, L., Srisuma, S. S., Kensler, T.W., et al.
(2004). Genetic ablation of Nrf2 enhances susceptibility to cigarette smoke-
induced emphysema in mice. J Clin Invest 114, 1248−1259.

Rennard, S. I., Fogarty, C., Kelsen, S., Long, W., Ramsdell, J., Allison, J., et al. (2007). The
safety and efficacy of infliximab in moderate to severe chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 175, 926−934.

Robbins, C. S., Bauer, C. M., Vujicic, N., Gaschler, G. J., Lichty, B. D., Brown, E. G., et al.
(2006). Cigarette smoke impacts immune inflammatory responses to influenza in
mice. Am J Respir Crit Care Med 174, 1342−1351.

Robinson, P. J., Hegele, R. G., & Schellenberg, R. R. (1997). Allergic sensitization increases
airway reactivity in guinea pigs with respiratory syncytial virus bronchiolitis. J
Allergy Clin Immunol 100, 492−498.

Roth, M. D., Connett, J. E., D'Armiento, J. M., Foronjy, R. F., Friedman, P. J., Goldin, J. G.,
et al. (2006). Feasibility of retinoids for the treatment of emphysema study. Chest
130, 1334−1345.

Rubio, M. L., Martin-Mosquero, M. C., Ortega, M., Peces-Barba, G., & Gonzalez-Mangado,
N. (2004). Oral N-acetylcysteine attenuates elastase-induced pulmonary emphy-
sema in rats. Chest 125, 1500−1506.

Salvi, S. S., & Barnes, P. J. (2009). Chronic obstructive pulmonary disease in non-
smokers. Lancet 374, 733−743.

Savov, J. D., Brass, D. M., Berman, K. G., McElvania, E., & Schwartz, D. A. (2003).
Fibrinolysis in LPS-induced chronic airway disease. Am J Physiol Lung Cell Mol
Physiol 285, L940−L948.

Schauer, U., Hoffjan, S., Bittscheidt, J., Köchling, A., Hemmis, S., Bongartz, S., et al. (2002).
RSV bronchiolitis and risk of wheeze and allergic sensitisation in the first year of
life. Eur Respir J 20, 1277−1283.

Schols, A. M., Broekhuizen, R., Weling-Scheepers, C. A., & Wouters, E. F. (2005). Body
composition andmortality in chronic obstructive pulmonary disease. Am J Clin Nutr
82, 53−59.

Schwarze, J., Hamelmann, E., Bradley, K. L., Takeda, K., & Gelfand, E. W. (1997).
Respiratory syncytial virus infection results in airway hyperresponsiveness and
enhanced airway sensitization to allergen. J Clin Invest 100, 226−233.

Shapiro, S. D., Demeo, D. L., & Silverman, E. K. (2004). Smoke and mirrors: mouse
models as a reflection of human chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 170, 929−931.

Sigurs, N. (2002). A cohort of children hospitalised with acute RSV bronchiolitis: impact
on later respiratory disease. Paediatr Respir Rev 3, 177−183.

Sigurs, N., Bjarnason, R., Sigurbergsson, F., Kjellman, B., & Björkstén, B. (1995). Asthma
and immunoglobulin E antibodies after respiratory syncytial virus bronchiolitis: a
prospective cohort study with matched controls. Pediatrics 95, 500−505.

Sigurs, N., Gustafsson, P. M., Bjarnason, R., Lundberg, F., Schmidt, S., Sigurbergsson, F.,
et al. (2005). Severe respiratory syncytial virus bronchiolitis in infancy and asthma
and allergy at age 13. Am J Respir Crit Care Med 171, 137−141.

Sin, D. D., Anthonisen, N. R., Soriano, J. B., & Agusti, A. G. (2006). Mortality in COPD: Role
of comorbidities. Eur Respir J 28, 1245−1257.

Singh, A. M., & Busse, W. W. (2006). Asthma exacerbations. 2: aetiology. Thorax 61,
809−816.

Singh, P., Daniels, M., Winsett, D. W., Richards, J., Doerfler, D., Hatch, G., et al. (2003).
Phenotypic comparison of allergic airway responses to house dust mite in three rat
strains. Am J Physiol Lung Cell Mol Physiol 284, L588−L598.

Stämpfli, M. R., Wiley, R. E., Neigh, G. S., Gajewska, B. U., Lei, X. F., Snider, D. P., et al.
(1998). GM-CSF transgene expression in the airway allows aerosolized ovalbumin
to induce allergic sensitization in mice. J Clin Invest 102, 1704−1714.

Stein, R. T., Sherrill, D., Morgan, W. J., Holberg, C. J., Halonen, M., Taussig, L. M., et al.
(1999). Respiratory syncytial virus in early life and risk of wheeze and allergy by
age 13 years. Lancet 354, 541−545.

Stevenson, C. S., & Belvisi, M. G. (2008). Preclinical animal models of asthma and
chronic obstructive pulmonary disease. Expert Rev Respir Med 2, 631−643.

Stevenson, C. S., Docx, C., Webster, R., Battram, C., Hynx, D., Giddings, J., et al. (2007).
Comprehensive gene expression profiling of rat lung reveals distinct acute and
chronic responses to cigarette smoke inhalation. Am J Physiol Lung Cell Mol Physiol
293, L1183−L1193.

Stolk, J., Rudolphus, A., Davies, P., Osinga, D., Dijkman, J. H., Agarwal, L., et al. (1992).
Induction of emphysema and bronchial mucus cell hyperplasia by intratracheal
instillation of lipopolysaccharide in the hamster. J Pathol 167, 349−356.

Stolle, K., Ansari, S., Berges, A., Lietz, M., Lebrun, S., Schleef, R., et al. (2008). Cigarette
smoke and high-fat/high-cholesterol diet induce atherogenesis in ApoE−/−-mice
by different pathways. Toxicol Lett 180, S40−S41.

Sun, G., Stacey, M. A., Schmidt, M., Mori, L., & Mattoli, S. (2001). Interaction of mite
allergens Der p3 and Der p9 with protease-activated receptor-2 expressed by lung
epithelial cells. J Immunol 167, 1014−1021.

Sussan, T. E., Rangasamy, T., Blake, D. J., Malhotra, D., El-Haddad, H., Bedja, D., et al.
(2009). Targeting Nrf2 with the triterpenoid CDDO-imidazolide attenuates
Please cite this article as: Stevenson, C.S., & Birrell, M.A., Moving towa
improved clinical relevance, Pharmacology & Therapeutics (2010), doi:1
cigarette smoke-induced emphysema and cardiac dysfunction in mice. Proc Natl
Acad Sci USA 106, 250−255.

Swirski, F. K., Sajic, D., Robbins, C. S., Gajewska, B. U., Jordana, M., & Stämpfli, M. R.
(2002). Chronic exposure to innocuous antigen in sensitized mice leads to
suppressed airway eosinophilia that is reversed by granulocyte macrophage
colony-stimulating factor. J Immunol 169, 3499−3506.

Takahashi, S., Nakamura, H., Seki, M., Shiraishi, Y., Yamamoto, M., Furuuchi, M., et al.
(2008). Reversal of elastase-induced pulmonary emphysema and promotion of
alveolar epithelial cell proliferation by simvastatin in mice. Am J Physiol Lung Cell
Mol Physiol 294, L882−L890.

Tanaka, H., Komai, M., Nagao, K., Ishizaki, M., Kajiwara, D., Takatsu, K., et al. (2004). Role
of interleukin-5 and eosinophils in allergen-induced airway remodeling in mice.
Am J Respir Cell Mol Biol 31, 62−68.

Tang, K., Wagner, P. D., & Breen, E. C. (2010). TNF-alpha-mediated reduction in PGC-
1alpha may impair skeletal muscle function after cigarette smoke exposure. J Cell
Physiol 222, 320−327.

Temelkovski, J., Hogan, S. P., Shepherd, D. P., Foster, P. S., & Kumar, R. K. (1998). An
improved murine model of asthma: selective airway inflammation, epithelial
lesions and increased methacholine responsiveness following chronic exposure to
aerosolised allergen. Thorax 53, 849−856.

Therien, A. G., Bernier, V., Weicker, S., Tawa, P., Falgueyret, J. P., Mathieu, M. C., et al.
(2008). Adenovirus IL-13-induced airway disease in mice: a corticosteroid-
resistant model of severe asthma. Am J Respir Cell Mol Biol 39, 26−35.

Thomas, W. R., Smith, W. A., Hales, B. J., Mills, K. L., & O'Brien, R. M. (2002).
Characterization and immunobiology of house dust mite allergens. Int Arch Allergy
Immunol 129, 1−18.

Tourdot, S., Mathie, S., Hussell, T., Edwards, L., Wang, H., Openshaw, P. J., et al. (2008).
Respiratory syncytial virus infection provokes airway remodelling in allergen-exposed
mice in absence of prior allergen sensitization. Clin Exp Allergy 38, 1016−1024.

Trompette, A., Divanovic, S., Visintin, A., Blanchard, C., Hegde, R. S., Madan, R., et al.
(2009). Allergenicity resulting from functional mimicry of a Toll-like receptor
complex protein. Nature 457, 585−588.

Ulrich, K., Hincks, J. S., Walsh, R., Wetterstrand, E. M., Fidock, M. D., Sreckovic, S., et al.
(2008). Anti-inflammatory modulation of chronic airway inflammation in the
murine house dust mite model. Pulm Pharmacol Ther 21, 637−647.

van der Strate, B. W., Postma, D. S., Brandsma, C. A., Melgert, B. N., Luinge, M. A.,
Geerlings, M., et al. (2006). Cigarette smoke-induced emphysema: a role for the B
cell? Am J Respir Crit Care Med 173, 751−758.

van der Vaart, H., Koeter, G. H., Postma, D. S., Kauffman, H. F., & ten Hacken, N. H. (2005).
First study of infliximab treatment in patients with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 172, 465−469.

Van Hove, C. L., Maes, T., Joos, G. F., & Tournoy, K. G. (2007). Prolonged inhaled allergen
exposure can induce persistent tolerance. Am J Respir Cell Mol Biol 36, 573−584.

Van Hove, C. L., Maes, T., Cataldo, D. D., Guéders, M.M., Palmans, E., Joos, G. F., et al. (2009).
Comparison of acute inflammatory and chronic structural asthma-like responses
between C57BL/6 and BALB/c mice. Int Arch Allergy Immunol 149, 195−207.

Vlahos, R., Bozinovski, S., Jones, J. E., Powell, J., Gras, J., Lilja, A., et al. (2006). Differential
protease, innate immunity, and NF-kappaB induction profiles during lung
inflammation induced by subchronic cigarette smoke exposure in mice. Am J
Physiol Lung Cell Mol Physiol 290, L931−L945.

Wakahara, K., Tanaka, H., Takahashi, G., Tamari, M., Nasu, R., Toyohara, T., et al. (2008).
Repeated instillations of Dermatophagoides farinae into the airways can induce Th2-
dependent airway hyperresponsiveness, eosinophilia and remodeling in mice:
effect of intratracheal treatment of fluticasone propionate. Eur J Pharmacol 578,
87−96.

W-Y.H. Wan, A. Morris, G. Kinnear, W. Pearce, J. Mok, D. Wyss, et al., in press.
Pharmacological characterisation of anti-inflammatory compounds in acute and
chronic mouse models of cigarette smoke-induced inflammation, Respir Res.

Wenzel, S., & Holgate, S. T. (2006). The mouse trap: it still yields few answers in asthma.
Am J Respir Crit Care Med 174, 1173−1176 discussion 1176-1178.

WorldHealthOrganisation (2008a). Fact SheetNo. 307. http://www.who.int/mediacentre/
factsheets/fs307/en/index.html.

WorldHealth,Organisation (2008b). Fact SheetNo. 315. http://www.who.int/mediacentre/
factsheets/fs315/en/index.html.

Wright, J. L., & Churg, A. (1990). Cigarette smoke causes physiologic and morphologic
changes of emphysema in the guinea pig. Am Rev Respir Dis 142, 1422−1428.

Wright, J. L., &Churg,A. (1991). Effect of long-termcigarette smoke exposureonpulmonary
vascular structure and function in the guinea pig. Exp Lung Res 17, 997−1009.

Wright, J. L., Postma, D. S., Kerstjens, H. A., Timens, W.,Whittaker, P., & Churg, A. (2007).
Airway remodeling in the smoke exposed guinea pig model. Inhal Toxicol 19,
915−923.

Wright, J. L., Cosio, M., & Churg, A. (2008). Animal models of chronic obstructive
pulmonary disease. Am J Physiol Lung Cell Mol Physiol 295, L1−L15.

Wyss, D., Bonneau, O., & Trifilieff, A. (2007). Synergistic effect of formoterol and
mometasone in a mouse model of allergic lung inflammation. Br J Pharmacol 152,
83−90.

Yasue, M., Yokota, T., Okudaira, H., & Okumura, Y. (1999). Induction of allergic reactions
in guinea pigs with purified house dust mite allergens. Cell Immunol 192, 185−193.

Yin, F. H., & Lomax, N. B. (1986). Establishment of a mouse model for human rhinovirus
infection. J Gen Virol 67, 2335−2340.

You, D., Becnel, D., Wang, K., Ripple, M., Daly, M., & Cormier, S. A. (2006). Exposure of
neonates to respiratory syncytial virus is critical in determining subsequent airway
response in adults. Respir Res 7, 107.

Zosky, G. R., & Sly, P. D. (2007). Animal models of asthma. Clin Exp Allergy 37, 973−988.
rds a new generation of animal models for asthma and COPD with
0.1016/j.pharmthera.2010.10.008

http://www.who.int/mediacentre/factsheets/fs307/en/index.html
http://www.who.int/mediacentre/factsheets/fs307/en/index.html
http://www.who.int/mediacentre/factsheets/fs315/en/index.html
http://www.who.int/mediacentre/factsheets/fs315/en/index.html
http://dx.doi.org/10.1016/j.pharmthera.2010.10.008

	Moving towards a new generation of animal models for asthma and COPD with improved clinical relevance
	Introduction
	Asthma
	The ovalbumin model of allergic lung inflammation
	Using house dust mite (HDM) to model asthma
	Modelling severe, persistent asthma
	Modelling viral exacerbations of asthma

	COPD
	Models of elastase- and LPS-induced lung injury
	Using cigarette smoke to model COPD-like changes
	Modelling exacerbations of COPD
	Using mouse genetics to understand mechanisms underlying COPD susceptibility
	Modelling systemic co-morbidities of COPD

	Next steps for modelling allergic asthma and COPD
	Uncited references
	Acknowledgments
	References


