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a b s t r a c t

Asthma is a heterogeneous disease in which various environmental stimuli as well as different genes, cell
types, cytokines and mediators are implicated. This chronic inflammatory disorder of the airways is
estimated to affect as many as 300 million people worldwide. Animal models of asthma, despite their
limitations, have contributed greatly to our understanding of disease pathology and the identification of
key processes, cells and mediators in asthma. However, it is less likely to develop an animal model of
asthma that takes into account all aspects of human disease. The focus in current asthma research is
increasingly on severe asthma because this group of patients is not well treated today. Recent advances
in studies of asthma exacerbation are thus considered. We therefore need to develop translational model
systems for pharmacological evaluation and molecular target discovery of severe asthma and asthma
exacerbations. In this review we attempted to discuss the different animal models of asthma, with
special emphasis on ovalbumin and house dust mite models, their merits and their limitations.

& 2015 Elsevier B.V. All rights reserved.

1. Animal models of asthma

Asthma is predominantly a human disease. With possible excep-
tion of cats and horses, animals do not spontaneously develop
asthma-like conditions (Holmes et al., 2011; Mullane and Williams,
2014; Zosky and Sly, 2007). A bronchial disease similar to human
chronic asthma was reported to occur in 1% of cats (Padrid, 1992).
Upon exposure to moldy hay horses can develop heaves as a naturally
occurring neutrophil dominated obstructive pulmonary disease
(Herszberg et al., 2006; Leclere et al., 2011). Similar to human asthma,
heaves is further characterised by chronic airway inflammation,
airway hyperresponsiveness (AHR) and reversible bronchoconstriction
(Leclere et al., 2011). Horses with heaves were also demonstrated to
have airway smooth muscle remodelling comparable to human
asthmatic airway remodelling (Herszberg et al., 2006). However,
ethical reasons and obvious practical and technical issues limit the
use of horses and cats as animal models of asthma.

Guinea pigs are one of the earliest species used in studies of
allergic respiratory disease (Karol, 1994). The development of a well-
characterised early phase and late phase airway responses upon
allergen sensitisation and challenge makes these animals a suitable
model for asthma (Ressmeyer et al., 2006; Zosky and Sly, 2007).
Similar to human severe asthma, guinea pigs also develop profound

breathing difficulties associated with pulmonary inflammation com-
posed of both eosinophils and neutrophils (Shin et al., 2009). Inter-
estingly, eotaxin, an eosinophil chemoattractant, was in fact first
discovered in guinea-pigs (Jose et al., 1994). However, the shortage
of inbred strains and the low number of species-specific reagents
available limit the use of guinea pigs in asthma research (Ricciardolo
et al., 2008).

Rats, rabbits, dogs, monkeys and sheep have also been utilised
in models of allergic airways disease (Shin et al., 2009; Zosky and
Sly, 2007). Each of these animals has its own advantages and
disadvantages as a model of allergic asthma (Shin et al., 2009).

The availability of transgenic animals and a large selection of
specific reagents and techniques have made the mouse the ‘gold
standard0 species for asthma research (Daubeuf and Frossard,
2014). There may be particular translational power in research
approaches that combine mouse model studies with mechanistic
studies involving human primary bronchial cells from asthmatic
patients (Uller et al., 2010). BALB/c mouse is the most commonly
used strain for allergen challenge models as these mice are more
prone to develop a T helper type 2(Th2) immune response upon
allergic sensitisation and challenge. Also used in allergen challenge
models are the C57BL/6 and A/J strains (Kumar et al., 2008).

Here we discuss briefly current trends in asthma research of
relevance to the sections that follow dealing with experimental
mouse models of asthma. The focus in asthma research is
increasingly on severe asthma because this is where medical need
is unmet. Recent advances in studies of asthma exacerbation are
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thus considered. Some of the demands we may have on models of
severe asthma are underscored because they concern aspects of
the disease that are not well treated today.

2. Asthma

Asthma is a chronic inflammatory disorder of the airways with
increasing incidence and prevalence throughout the world, especially
in children and within developing countries (Weinberg, 2011).
According to the Global Burden of Asthma report, an estimated 300
million people have asthma worldwide (van Schayck, 2013). The
disease is characterised by chronic pulmonary inflammation, episodes
of reversible airway narrowing and AHR (McMillan and Lloyd, 2004).
Structural changes in the airway walls of asthmatic subjects, referred
to as “airway remodelling”, may develop within days after allergen
exposure but are generally thought of as a consequence of persistent
chronic inflammation and exaggerated repair of injured tissue
(Persson, 2014; Shifren et al., 2012). Whilst the majority of asthmatic
subjects are well controlled with inhaled corticosteroids and long-
acting beta agonists, about 10% of the asthmatic population are poorly
controlled with these mainstay drugs. Particularly worrisome is the 5–
10% of asthmatics who suffer from severe asthma. These patients also
account for a dominating part of the health care costs for asthma
(Chung et al., 2014).

It is now well accepted that asthma is a complex multifactorial
disorder with different phenotypes underlined by different patholo-
gical mechanisms (Expert Panel Report 3, 2008 Holgate, 2012; Yawn,
2008). Further discoveries of important mechanisms of asthma will
hopefully make it possible to define specific asthma endotypes
amenable for specific and selective therapeutic interventions
(Chung, 2014; Chung et al., 2014). Unravelling of detailed molecular
and cellular features of distinct asthma endotypes would be immen-
sely important for advancing the experimental research that involves
animal models as well as in vitro studies using human diseased cells.
However, even regarding basic and well-established pathological
features of severe asthma and asthma exacerbations, such as occur-
rence of eosinophil degranulation, epithelial derangement and sub-
epithelial microvascular participation, improvement of current models
of asthma is warranted (Persson, 2002).

The limitations of the current treatments for asthma highlight the
unmet need for effective therapies with improved clinical efficacy to
accomplish disease control. In this regard, the development of
clinically relevant animal models is warranted.

3. OVA asthma models

Animal models have become an invaluable tool in translational
research. In particular, mouse models have made major contributions
to our understanding of asthma pathophysiology (i.e. contribution of
different cytokines, chemokines and receptors) and the modelling of
specific features of this disease (Lloyd, 2007; Nials and Uddin, 2008).

To date, the protein ovalbumin (OVA), derived from egg white, is
still the allergen of choice in asthma models (Mullane and Williams,
2014). Exposure of the animals to OVA via the airways produces an
airway inflammationmodel that exhibits a number of human asthma-
like cellular and pathophysiological features (i.e. increased AHR, cell-
ular inflammation and increased levels of inflammatory cytokines in
bronchoalveolar lavage (BAL) fluid) (Nials and Uddin, 2008). In this
regard, it should be realized that increased cellular inflammation is
not always correlated to increased AHR in both severe asthmatics and
animal models (Manni et al., 2014).

However, the concern about the applicability of the OVA mouse
models continues to grow. Prolonged exposure to OVA can induce
tolerance in the animals resulting in reduced airway inflammation

and AHR (Jungsuwadee et al., 2004; Kumar et al., 2008). The induction
of tolerance can be influenced by factors like the strain of mouse used
and the route of allergen administration (McMillan and Lloyd, 2004;
Shinagawa and Kojima, 2003).

Since the antigen OVA is not associated with asthma in humans,
antigens like house dust mite (HDM), grass pollen and cockroach
extracts with a greater clinical relevance have also been employed
(Fuchs and Braun, 2008; Johnson et al., 2004; Kim et al., 2006;
Sarpong et al., 2003). House dust mite models of asthma will be
discussed in Section 4. Concurrent dual allergen exposure models of
asthma have also been developed to resemble the continuous
exposure of human asthmatics to a variety of environmental stimuli.
Mice exposed to a combination of OVA and HDM did not show more
robust allergic airway disease than mice exposed to either allergen
alone (DiGiovanni et al., 2009; Fattouh et al., 2005).

The “classical” OVA challenge model, which has yielded rather
consistent responses in the many different sensitisation and challenge
protocols, involves peripheral sensitisation followed by challenge with
OVA in the presence or absence of an adjuvant (Nials and Uddin,
2008). For the sensitisation, peritoneal, subcutaneous or dermal routes
are used. Allergen challenge is carried out via the airways (aerosol or
intratracheally) or intransally (Lloyd, 2007; Mullane and Williams,
2014). Adjuvants such as the most commonly used aluminium
hydroxide potentiate the immune system for the development of an
antigen-specific Th2 immune response (Exley et al., 2010). Endotoxins,
ozone, exogenous proteases, diesel exhaust and cigarette smoke have
also been utilised as adjuvants in mouse models of asthma (Wegmann
and Hauber, 2010). In addition, adjuvant-free protocols have also been
described (Conrad et al., 2009).

A comprehensive overview of mouse models of acute and
chronic allergic pulmonary inflammation is given in Martin et al.
(2014) and Nials and Uddin (2008).

Despite the concerns about the utility of OVA models in asthma
research, these models have contributed to our understanding of
the key role played by T cells and Th2-associated cytokines
interleukin (IL)-4, IL-5 and IL-13 in disease initiation and progres-
sion (Brusselle et al., 1995; Cohn et al., 1997; Fan et al., 1997;
Hamelmann et al., 1999; Kumar et al., 2002; Leong and Huston,
2001; Muller et al., 1993; Shardonofsky et al., 1999; Walker et al.,
1998; Webb et al., 2003; Wegmann, 2008; Wegmann and Hauber,
2010). Accordingly, one of the translational values of OVA asthma
models is a range of therapeutics targeting the Th2 inflammatory
response in the disease including receptor-homologous molecule
expressed on Th2 cells (CRTH2) antagonists (Uller et al., 2007) and
antibodies to IL-5 and IL-13 which have had some promising
effects in the clinic (Berair and Pavord, 2013; Corren et al., 2011;
Mullane, 2011). Most importantly, monoclonal anti-IL5 antibody
treatments have been demonstrated to have clear therapeutic
roles in subgroups of severe asthma exhibiting eosinophilia
including those patients with severe asthma combined with nasal
polyposis (Berair and Pavord, 2013).

4. HDM asthma models

Different human allergens have been used recently in mice and
other species to make the allergens more clinically relevant. Extracts
or purified proteins from allergens such as fungi (e.g. Aspergillus
fumigatus), HDM, cockroach, ragweed and pollen spores, are being
used. (Barrett et al., 2003; Chapoval et al., 2002; Fuchs and Braun,
2008; Lambert et al., 1998; Warner et al., 2004).

HDMs (Dermatophagoides sp.) are one of the most common
allergens worldwide. 50–85% of asthmatics are typically HDM allergic
and have elevated levels of HDM-specific IgE. Early and late asthmatic
responses have been observed after HDM challenge in these asthmatic
subjects (Hatzivlassiou et al., 2010; Maunsell et al., 1968; Nelson et al.,
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1996; Roche et al., 1997). In addition to asthma, other common allergic
disorders caused by HDM are rhinitis, rhinoconjunctivitis and atopic
dermatitis (Gavino et al., 2008; Platt-Mills et al., 1995; Stevenson and
Birrell, 2011; Thomas et al., 2002; Valerio et al., 2005).

Dermatophagoides pteronyssinus and Dermatophagoides farinae
can produce allergenic proteins. They also contain bacterial and
fungal products such as lipopolysaccharide (LPS) and β-glucan.
This may be due to microbial contamination or endosymbiotic
bacteria (De Luna et al., 2009; Douwes et al., 2000; Gregory and
Lloyd, 2011; Jacquet, 2011; Valerio et al., 2005)

Proteolytic activity of HDM and involvement of toll-like receptor
(TLR) 4 signalling pathway in response to HDM exposure have been
shown to be essential in HDM-induced inflammation (Asokananthan
et al., 2002; Hammad et al., 2009; King et al., 1998; Phipps et al., 2009;
Stevenson and Birrell, 2011; Sun et al., 2001; Trompette et al., 2009).
While allergen-specific CD4þ Th2 cells have been considered as the
main players in HDM allergic pathogenesis, recent studies have shown
the role of the innate immune system to be crucial, as well (Gregory
et al., 2009; Gregory and Lloyd, 2011; Johnson et al., 2004; Stevenson
and Birrell, 2011).

Usually, HDM is administered topically into the airways, intrana-
sally or intratracheally, over weeks. Repeated administration of this
allergen leads to airway inflammation and eosinophilia. However,
whether this inflammation is an allergic inflammatory response or a
result of repeated nasal exposure to an inflammatory concoction is not
clear. Repetitive exposure to HDMmakes it impossible to differentiate
between “sensitisation” and “challenge” (Birrell et al., 2010).

To overcome the limitation of OVA models of tolerogenic response
during prolonged administration, the use of HDM has allowed us to
investigate changes associated with chronic, persistent allergen expo-
sure. Prolonged exposure to HDM led to remodelling of the airways
with increased mucous cell density and AHR, which remained elev-
ated for a while after discontinuation of HDM exposure (Johnson et al.,
2004). Despite showing some remodelling features, there are some
shortcomings of the HDM mouse model of asthma. Having fewer
mast cells in the epithelium or the airway walls compared to humans
is one example (Shin et al., 2009).

Another feature of HDM models, in contrast to both OVA models
and human asthma, is the serum levels of specific IgE. IgE response in
HDM models is weak while in asthmatics allergic to HDM the levels
are much higher compared to non-allergic controls (Birrell et al., 2010;
Johnson et al., 2004).

Mouse models of asthma suffer from lack of complete translat-
ability due to anatomic and physiologic differences between mice and
humans. In addition to mice, house dust mite allergens have also been
used in sheep and non-human primates (Bischof et al., 2003, 2008;
Koumoundouros et al., 2006; Snibson et al., 2005). Sensitised rhesus
monkeys (Macaca mulatta) exhibited respiratory signs like cough and
rapid shallow breathing along with increased airway resistance,
during aerosol challenge with HDM. They had increased levels of
HDM-specific IgE in serum, numbers of eosinophils and exfoliated
cells within lavage. In addition, these monkeys also showed mucus
cell hyperplasia, interstitial infiltrates of eosinophils, and thickening of
the basement membrane zone (Schelegle et al., 2001).

HDM models can be used as an acute model to study cell and
cytokine profiles which are usually modified in early stages, or as
an extended model to study remodelling features in later stages.
Chronic HDM models translate some aspects of human asthma
including increased eosinophils and neutrophils and more mixed
T-cell phenotype (Mercer et al., 2015).

5. Modelling severe asthma and disease exacerbations

Severe asthma largely equals the significant asthma that is not well
treated today (Chung et al., 2014). Hence, there is a pronounced

medical need for mouse models of severe asthma, including severe
exacerbations of the disease. As shown by the example of anti-IL5
drugs the common mouse model approach may contribute to devel-
opment of drugs for subgroups of severe asthma. However, novel
mouse models mimicking important features of severe asthma, and
exacerbations of asthma, are clearly warranted. Current mouse models
of allergic airway inflammation do not reflect well the situation in
severe asthma with occurrence of dramatic degranulation of eosino-
phils, epithelial injury and neutrophilia in various combinations. Only
with the severe epithelial and granulocytic pathology in place we may
be able to learn about causative immunopathogenic pathways. Thus,
we have limited information from mouse models regarding mechan-
isms involved in the more serious pathology of asthma. Development
and severity of asthma has been demonstrated to be associated with
viral and bacterial respiratory infections in both early and later life
(Guilbert and Denlinger, 2010; Hansbro et al., 2012). In this regard,
mouse models are currently being developed addressing the role of
infection in severe asthma and disease exacerbations (Starkey et al.,
2013).

Acute asthma exacerbations, due to viral-induced inflammation,
are a major cause of morbidity, mortality and health-care costs. The
majority of viral-induced exacerbations are caused by rhinovirus
infection. There is a major interest in developing animal models for
viral-induced asthma exacerbation. One main issue in addressing this
problem is that 90% of rhinovirus serotypes (major receptor group) do
not bind to the mouse intercellular adhesion molecule-1 (ICAM-1)
receptor, which has hampered the development of rhinoviral-induced
mouse asthma models. Researchers are therefore restricted to using
minor group viruses such as human rhinovirus serotype 1b (HRV1b)
for their studies. Using the OVA model to establish allergic inflamma-
tion, and infection by HRV1b as an additional challenge, Bartlett et al.
(2008) have developed an acute exacerbation model of asthma. They
observed features mimicking viral-induced exacerbation in patients
with asthma including increased eosinophils, neutrophils, AHR and
Th2 cytokines in this model. Other groups used the chronic HDM
model but they did not observe an exacerbated phenotype with
HRV1b (Rochlitzer et al., 2014). These findings emphasise the neces-
sity of developing reproducible asthma exacerbation models that
provide opportunities for pharmacological intervention studies.

Technical challenges in developing a reproducible rhinovirus
infection in mice, together with the constraint of using the minor
group or humanised ICAM-1 mice limit the successful use of
rhinovirus infections. Influenza and respiratory syncytial virus
(RSV) may also be used for challenge in mouse models but the
relative role of these infections is debated (Mori et al., 2013). One
significant approach circumventing problems and reproducibility
with live rhinovirus is to use polyinosinic–polycytidylic acid (poly
I:C) which is as a mimic of the double-stranded (dsRNA) molecules
being formed during rhinoviral replication. Poly I:C has been used
extensively as a rhinoviral mimic in experiments with human lung
cells in vitro (Calven et al., 2013; Uller et al., 2010) and recently
also as a challenge agent in human airways (Brandelius et al.,
2014). Poly I:C may well represent a challenge agent with transla-
tional features as an exacerbation agent. For example, overexpres-
sion of the Th2 type cytokine thymic stromal lymphopoetin was
induced by poly I:C in both asthmatic bronchial epithelial cells and
in mice with established OVA-induced allergic airway inflam-
mation (Mahmutovic-Persson et al., 2014). In the study by
Mahmutovic-Persson et al. (2014) several additional signs of agg-
ravated inflammation were induced by poly I:C challenges such as
the neutrophilic chemokine CXCL1/KC and cytokine tumour necro-
sis factor alpha (TNF-alpha), increased BAL fluid and lung tissue
neutrophilia. Importantly, the necrosis marker lactate dehydro-
genase (LDH), reported to be a clinical marker of asthma exacer-
bations (Wark et al., 2002), was found to be induced only in mice
with an exacerbation.
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5.1. Future models of severe asthma

Numbers of eosinophils in bronchi or blood are a mainstay
measurement in asthma and in mouse models of asthma. However,
there may be large groups of asthmatics, including poorly controlled
asthma, where numbers of eosinophils do not associate with disease
features but there is a remarkable association between severity of
disease and occurrence of free eosinophil granules and their released
proteins (Persson and Uller, 2014). This clinically based observations
open novel avenues of research on anti-asthma targets, mouse models
of asthma, and studies of human eosinophils. Thus, we have suggested
that novel mouse models of asthma are needed where eosinophil
activity is reflected by higher numbers of cells in the lung (Persson
and Uller, 2014). An early model of asthma exacerbation involved
treatment of mice with established allergic inflammation with anti-
FAS (a member of the TNF-alpha superfamily) mAb to induce
apoptosis of inflammatory cells (Uller et al., 2005). However, instead
of promoting inflammation resolution severe signs of aggravated
inflammation were observed in mice receiving anti-FAS mAb treat-
ment. These animals developed severe bronchial eosinophilic, epithe-
lial, and neutrophilic inflammation demonstrating also that it should
be possible to develop mouse models where both eosinophilia and
eosinophil degranulation occur in mouse lungs (Uller et al., 2005).
Importantly, the mode of degranulation was primary lysis of eosino-
phils (Persson and Uller, 2014; Uller et al., 2005). This mechanism
involves chromatolysis and cell membrane rupture causing the release
of protein-rich eosinophil granules in the lung tissue. Furthermore,
this is the dominating mode of eosinophil degranulation as occurs in
severe asthma (Persson and Uller, 2014).

Current mouse models of asthma not only lack cytolytic eosino-
phils. Asthma-like epithelial derangement is also lacking. This is not
surprising since lysis of eosinophils, with ensuing release of toxic
proteins, may cause epithelial derangement in asthma (Persson and
Uller, 2014). Again, in the anti-FAS exacerbationmodel both eosinophil
lysis and epithelial derangement are pronounced (Uller et al., 2005).
Lysis of eosinophils and epithelial injury, shedding and repair are
hallmark aspects of asthma and, hence, warranted components of
future mouse models of severe asthma.

6. Merits and limitations of mouse models of asthma

Depending on the questions being asked, mouse models do
replicate a number of features of human allergic airway disease
making these models a good tool to study human asthma in an
in vivo system (Takeda and Gelfand, 2009). That said, there are many
important differences in anatomy, physiology and pathology of the
airways and lungs between humans and mice. Size of the lungs,
airway branching pattern, division of the lungs, the less prominent
role of mast cells and immunoglobulin E in mouse models compared
to the situation in humans and over-representation of eosinophils in
mouse BAL fluid (40–80%) compared to asthmatic subjects (1–5%) are
only a few examples of these differences (Epstein, 2004; Kumar and
Foster, 2012; Mullane and Williams, 2014; Wegmann and Hauber,
2010; Wenzel and Holgate, 2006). In addition, one of the most
important limitations of mouse models of asthma is that mice do
not spontaneously develop asthma, but asthma-like features can be
induced by exposure of the animals to an allergen (Bates et al., 2009;
Uller et al., 2007).

Acute allergen challenge models have been extensively employed
in asthma research to investigate hallmark features of the disease like
pulmonary inflammation and AHR (Nials and Uddin, 2008). However,
most models described so far are more suitable for investigating acute
inflammation and they do not represent the chronic characteristics of
the disease. Chronic allergen challenge models were shown to repro-
duce some of the structural changes (airway remodelling features)

seen in the airways of chronic asthmatics with modest degree of AHR
(Bates et al., 2009; McMillan and Lloyd, 2004; Wegmann, 2008).
Nevertheless, these models showed limited success either due to the
development of tolerance in OVA models or due to usage of low doses
of allergen to avoid tolerance resulting in mild response (Mullane and
Williams, 2014). In addition, development of good mouse models of
chronic asthma poses difficulties due to the absence of environmental
cofactors such as pollution, lung infection and allergens (Epstein,
2006).

A limitation of mouse models of asthma is the fact that most of, if
not all, the animal models used to study this disease are based on a
Th2-driven disease phenotype while 50% of asthmatics suffer from
atopic airway disorder without a Th-2-mediated immune response or
with quite mixed responses (Martin et al., 2014). Another considera-
tion is that humans can have AHR even in absence of symptoms while
the induced AHR in mice is transient (Bates et al., 2009; Daubeuf and
Frossard, 2014).

Perhaps due to the short life span of small animals truly relevant
chronic asthmamodels cannot be developed into perfection. Currently
there is instead helpful focus on a variety of factors, including viral

Fig. 1. Proposed translational animal model of asthma. (A) to develop an animal
model of asthma with a translational potential, appropriate species, clinically
relevant allergens or respiratory infections are needed. Use of genetically modified
mice makes it possible to examine the role of a single gene, cell type or mediator in
disease pathology. (B) The model should exhibit the important asthma-related
cellular and pathophysiological features as well as severe asthma and disease
exacerbation characteristics such as eosinophilia and eosinophil degranulation, and
epithelial injury which are lacking in most, if not all, animal models of asthma.
(C) The asthma-related features described in B should be translatable to the clinic
by increasing our understanding of disease pathology, improving efficacy of new or
existing drugs, the discovery of potential drug targets and the development of
novel therapeutic approaches.
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induced exacerbations that contribute to development of severe
asthma.

7. Concluding remarks and future goals

Asthma is a complex multifactorial disease with different clinical
phenotypes. It is unfair to demand that an animal model can mimic or
translate all features of this heterogeneous disease as different genes,
cell types, and mediators are implicated in asthma pathogenesis.
Animal models of asthma have contributed significantly to our views
of disease pathogenesis and have been instrumental in developing
novel treatments such as anti-IL5 drugs. However, all animal models
utilised in asthma research have their limits that have to be con-
sidered and realized before choosing a suitable model and when
interpreting the outcomes of the study. It might be more appropriate
and realistic to use different models to examine the role of specific
pathways involved in the disease. Further development of mouse
models of severe asthma is warranted, a proposal of a translational
animal model of asthma is shown in Fig. 1. To improve translation
power, the in vivo mouse model approaches can preferably be
combined with human cells obtained from healthy and diseased
donors.
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