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ABSTRACT
In a complex inflammatory airways disease such as asthma, abnormalities in a plethora of molecular and cellular pathways ultimately
culminate in characteristic impairments in respiratory function. The ability to study disease pathophysiology in the setting of a functioning
immune and respiratory system therefore makes mouse models an invaluable tool in translational research. Despite the vast understanding of
inflammatory airways diseases gained frommouse models to date, concern over the validity of mouse models continues to grow. Therefore the
aim of this review is twofold; firstly, to evaluate mouse models of asthma in light of current clinical definitions, and secondly, to provide a
framework by which mouse models can be continually refined so that they continue to stand at the forefront of translational science. Indeed, it
is in viewing mouse models as a continual work in progress that we will be able to target our research to those patient populations in whom
current therapies are insufficient. J. Cell. Biochem. 115: 2055–2064, 2014. © 2014 Wiley Periodicals, Inc.
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Asthma is an inflammatory disease of the airways which
continues to pose a substantial burden both in regards to

patient morbidity and to healthcare utilization. The worldwide
prevalence of self-reported asthma symptoms is 11.6% in children
[Asher et al., 2006], 13.7% in adolescents [Asher et al., 2006], and
8.6% in adults [To et al., 2012]. Recent findings suggest that 85% of
asthmatics currently taking controller therapy in the United States
remain uncontrolled [Colice, et al., 2012] while in a study of severe
asthmatics, over 15% had at least one emergency department visit in
the three months preceding enrolment [Chipps et al., 2012]. It is for
these reasons that we need to understand asthma pathogenesis better
to develop more efficacious treatments.

Like all other fields of medical science, research into asthma
encompasses the entire spectrum of research from in vitro cell
preparations to large-scale clinical trials. Animal models stand
firmly as the translational bridge between these boundaries,
allowing detailed and definitive investigation of molecular
pathways in a functioning immune and respiratory system. The
ability to accommodate in vivo emergent phenomena such as
homeostasis, positive/negative feedback and redundancy of intact
animals allows thorough investigation of in vitro findings before

they progress to clinical trials. However, the debate as to the
validity of animal models in modern research has been reignited
following findings that several mouse models of injury were
unable to recapitulate the genetic responses in their respective
human counterparts [Seok et al., 2013]. Whilst the conclusions are
not necessarily novel, these findings come at a particularly
sensitive time in which governments have responded to animal
rights concerns by introducing legislation limiting the use of
animals in research [2013]. The best way to ensure relevance of
animal research and promote successful translation is to
continually strive to refine our models so they integrate current
clinical findings of disease characteristics, pathways and specific
patient phenotypes. In this way we will target research to those
patients who are in need of alternative treatment strategies while
ensuring that our models have the greatest chance of providing the
transit across the translation divide.

The current Prospect aims to be a starting point in evaluating
current animal models of asthma while providing a stimulus toward
more refined and specific models. We feel it is therefore important to
begin with a brief discussion of the clinical features of asthma before
evaluating how well, or not, the currently employed models
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recapitulate the human disease. Although researchers have used
several different animals inmodels of asthma [reviewed in Corry and
Irvin, 2006; Zosky and Sly, 2007] we will focus solely on the mouse
as the overwhelmingly preferred model in contemporary research.
The Prospect will conclude by offering a brief discussion of specific
clinically relevant scenarios which we believe animal models offer
great potential.

WHAT ARE WE TRYING TO MODEL—AT THE
“BEDSIDE” OF PATIENTS WITH ASTHMA

Asthma is traditionally described as a chronic inflammatory
disease of the airways which begins early in life. Patients with
asthma often have a family history of the disease as well as
allergies, rhinitis and/or eczema. The disease presents symptomati-
cally as episodic periods of wheeze, breathlessness, chest tightness,
and/or cough which are most particularly present during the night
and early morning. Symptoms of asthma are due to airway
obstruction caused by airway narrowing and closure of small
airways, which is reversible either spontaneously or following
treatment in most, but not all, patients. Since the clinical
presentation of asthma is due to underlying impairments in lung
function, it is not surprising that the disease is clinically confirmed
with measures of lung function. Airway obstruction is measured
using spirometry as the volume of gas forcibly expired during 1 s
(FEV1) which provides a non-specific measure of the impairment in
lung function. This is usually repeated following administration of
bronchodilator therapy to quantify the reversibility of airway
obstruction. The presence of residual obstruction has further
implications, as discussed below.

In response to inhaled allergens, the initial airway obstruction in
allergic asthmatics peaks within an hour and is referred to as the
early asthmatic response (EAR). However, a proportion of asthmatic
subjects subsequently develop a late asthmatic response (LAR) which
develops and peaks from three hours to 24 h post-exposure
[Boonsawat et al., 1992]. These episodes of airway obstruction in
asthma are due to another characteristic feature of asthma; the
predisposition of the airways of patients with asthma to narrow
excessively in response to a stimulus, termed airway hyper-
responsiveness (AHR). AHR comprises both increased sensitivity
to response as well as excessive bronchoconstriction, whereby there
is no measurable response plateau. Although the airway obstruction
underlying the clinical manifestation of asthma is considered
reversible, structural airway changes can lead to permanent
reductions in airway caliber. These changes are collectively termed
airway remodeling and may include subepithelial fibrosis, airway
smooth muscle hypertrophy/hyperplasia, angiogenesis, mucous cell
metaplasia, and changes in extracellular matrix composition [Bosse
et al., 2008]. It is also worth noting that although the airway
inflammation characteristic of asthma has long been considered
mediated by eosinophilic inflammatory cells, our understanding
now includes patients with airway inflammation associated with
elevated neutrophils with or without increased eosinophils [Simpson
et al., 2006] as well as other cells of adaptive immunity and
inflammation.

EVALUATING THE MOUSE IN MODELS OF ASTHMA

ACKNOWLEDGING THE OBVIOUS: DIFFERENCES IN LUNG ANATOMY
Before we consider the pathophysiological features of current mouse
models it is important not to overlook the obvious—the respiratory
anatomy of themouse is considerably different from that of a human
(Fig. 1). Firstly, mice are quadrupeds. Heterogeneous ventilation
distribution within the lungs both at baseline and during
bronchoconstriction appears to be an important pathophysiological
feature of human asthma, and since ventilation distribution is
heavily influenced by gravity, this distinction may not be trivial. The
number of airway branches is worth consideration, with mice and
men lying on opposite ends of the spectrum (6–8 and �23,
respectively). Moreover, the branching pattern is distinct between
mice and humans. The branching pattern in humans is symmetrical
and dichotomous with daughter airways subtended at 45° and of
equal size and diameter. In contrast, branching inmice, as in all non-
primates, is monopodial, in which one daughter airway is much
larger than the other. Compared to humans, mice have large airway
calibers for their respective lung sizes [Gomes and Bates, 2002] (see
also Fig. 1), while humans have a collateral network of small airways
which is not apparent in mice. These differences in anatomy are
likely to affect ventilation distribution and thus aerosol distribution,
potentially confounding studies of AHR, airway obstruction,
structural changes, and development of novel aerosolized
treatments.

MODELS OF ALLERGIC AIRWAYS DISEASE
Animal models of allergic airways diseases have been widely used to
recapitulate the pathophysiology associated with recurrent exposure
to allergens seen in human asthma. Since mice, like the majority of
animals, do not naturally develop a periodic inflammatory airways
disease reminiscent of asthma, mouse models require a protocol of
sensitization to an allergen and subsequent re-exposure to elicit an
allergic response. A common protocol is the ovalbumin model in
which mice are injected with ovalbumin and an adjuvant, with
subsequent exposure to aerosolized or intranasal ovalbumin via
the airways. Adjuvants commonly used are aluminum salts and
the gram-negative bacterial cell wall component, lipopolysaccharide
(LPS). Aluminum salts enhance antibody responses and activate
innate immune cells, which then lead to TH-2 cell responses
[Lambrecht et al., 2009]. LPS activates toll like receptor 4 (TLR4) on
airway epithelial cells [Poltorak et al., 1998], initiating downstream
pro-inflammatory signaling. While the ovalbumin model has been
largely responsible for the tremendous understanding gained from
mouse models of asthma, several points of criticism have been raised
questioning its physiological relevance to human asthma. Firstly,
extended provocation with ovalbumin leads to tolerance in at least
some strains of mice, reducing its applicability in modeling chronic
asthma [Yiamouyiannis et al., 1999]. Secondly, the route of
sensitization to ovalbumin is via intraperitoneal injection, whereas
an asthmatic patient may be sensitized via the airway. Lastly,
ovalbumin is not among the myriad of allergens considered
important triggers for asthma, adding further motivation for
researchers to develop more relevant methods of inducing allergic
airways disease.
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To address concerns with the applicability of ovalbumin models,
allergens that are directly relevant to human asthma, such as
Aspergillus fumigatus [Mehlhop et al., 1997], cockroach antigens
[Kim et al., 2001], and ragweed extracts [Wild et al., 2000], are being
employed. Themost commonly employed allergen is house dust mite
extract (HDM), a multifaceted allergen to which 50–85% of
asthmatics are allergic [Nelson et al., 1996]. HDM extract contains
many allergenic components, including fecal matter, LPS, chitin (a
glucose derivative) and proteins, such as Dermatophagoides
pteronyssinus, all of which are hypothesized to be involved in the
human allergic response. Exposure to HDM induces allergic airways
disease in mice via TLR4 triggering of airway structural cells, as well

as production of pro-inflammatory cytokines thymic stromal
lymphopoietin (TSLP), granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin 25 (IL-25), and IL-33 [Hammad
et al., 2009].

Common manifestations of the ovalbumin model include
eosinophilic and lymphocytic infiltration in the lung while addition
of LPS as an adjuvant to the ovalbumin model promotes increased
neutrophils into the airways [Wilson et al., 2009]. Similarly, HDM
exposure, likely due to the presence of LPS, leads to a mixed airway
inflammatory phenotype consisting of both eosinophils and
neutrophils [Tully et al., 2013]. Airway obstruction representative
of the EAR is only evident in at most 50% of mice following

Fig. 1. Comparison of lung anatomy between human andmouse. Computed tomography (CT) lung slice images from a 26-year-oldmale (A) and a BALB/c control mouse (B, with
mCT) showing the substantially greater relative airway caliber in mice. Maximum intensity projection images from a control mouse (C) and a mouse challenged with ovalbumin
(D), both exposed to room air. Again note the large airway size relative to total lung size and the monopodial branching pattern, in which one daughter airway is much larger than
the other. The human lung image was provided by Dr. Jeffrey Klein, Department of Radiology, University of Vermont College ofMedicine. Mouse lung images were provided by Dr.
Lennart K. Lundblad, Department of Medicine, University of Vermont College of Medicine (see Lundblad et al. [2007] for methodological details).
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ovalbumin challenge while an LAR does not occur with the
traditional protocol [Zosky et al., 2008]. However, models extending
re-exposure past four challenges have reported LAR in mice [Nabe
et al., 2005], although there is a small window before tolerance to
ovalbumin occurs. In the HDM model, an EAR is evident following
3 weeks of challenge but not following 1 week, despite elevated
airway inflammation at both time points [Phillips et al., 2013]. To the
best of our knowledge we are unaware of any studies which have
investigated the LAR in HDM models of asthma. Importantly, the
magnitude of airway obstruction in mice is substantially less than
that which can occur during an exacerbation in asthma patients,
most likely due to the relatively large airway caliber in mice. Robust
and substantial AHR to non-specific bronchoprovocation is a
characteristic feature of mouse models of allergic asthma, although
marked variability in the severity exists between strains [Levitt and
Mitzner, 1988]. While ovalbumin and HDM lead to varying degrees
of AHR, it is worth noting that this mostly represents the increase in
the maximal response plateau such as seen in moderate to severe
asthmatic patients (Fig. 2). However, increased sensitivity can be

induced through disruption of airway epithelial integrity following
acid aspiration [Allen et al., 2009] or the airway treatment with
highly cationic proteins such as poly-L-lysine [Turi et al., 2011]. Both
ovalbumin [McMillan and Lloyd, 2004] and HDM [Johnson
et al., 2004] models induce features of airway remodeling, such as
airway smooth muscle hypertrophy/hyperplasia, subepithelial
fibrosis, mucous goblet cell hyperplasia, and increased fibronectin.

Although there is great appreciation that sensitization and
subsequent development of allergic airways disease in the mouse
is a complex process involving a variety of cell types and recruitment
time courses, there have been few studies of the time course of
development of pathophysiology. In the ovalbumin model, eosino-
philic airway inflammation resolves within days of the final
challenge while AHR and remodeling persist up to 8 weeks [Leigh
et al., 2002]. We have recently reported a comprehensive
investigation into the time course of response to HDM from an
hour after single challenge up to 15 instillations [Tully et al., 2013].
Airway neutrophilia occurred following three daily HDM exposures
which persisted between 6 and 24 h following exposure; however,

Fig. 2. Airwayhyperresponsiveness (AHR) tomethacholine in human subjects and inmice. The response to increasingdoses ofmethacholine in an asthmatic patient (�, 20-year-old
male, baseline FEV1 of 97% predicted) and a healthy, non-asthmatic subject (&, 27-year-old male, baseline FEV1 of 92% predicted). Note that the asthmatic patient has a
provocative dose causing a 20% fall in forced expiratory volume in one second (PD20FEV1) of 0.3mmol ofmethacholinewhereas the non-asthmatic subject does not reach a 20% fall
even at a dose>500-fold higher. The response tomethacholine inmice following either 15 instillations of control (PBS,&) or house dust mite (HDM,�) measured as central airway
narrowing (Rn), peripheral tissue resistance (G), and tissue elastance (H). In contrast to ovalbumin models, house dust mite challenge results in greater central airway (Rn) effects
whereas AHR following ovalbumin challenge is predominantly characterized by airway closure (H).
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following five daily exposures, neutrophils no longer predominated
in the bronchoalveolarfluid (BALF), whichwas instead characterized
by marked increases in airway eosinophils. Interestingly, both
eosinophils and neutrophils were increased following 15 challenges.
Additionally, AHRwas only evident following 10 and 15 challenges,
whereas features of airway remodeling, such as mucus metaplasia,
collagen deposition, and ASM hypertrophy/hyperplasia, required 15
HDM challenges. These data suggest remodeling and AHR may not
be directly linked pathologies while raising further questions as to
the time-course and role of airway inflammation. This dissociation
between AHR and other pathophysiological features of asthma has
also been highlighted in human asthma [Brusasco et al., 1999].

ANTIGEN-INDEPENDENT MODELS OF ALLERGIC ASTHMA
There are several mouse models of asthma that result in an allergic
airways disease without the requirement of sensitization and re-
exposure to an antigen. These include intratracheal instillation with
cationic proteins, such as poly-L-lysine, ozone, and chlorine. These
models most likely represent damage to the airway epithelium with
subsequent consequences for downstream pro-inflammatory signal-
ing. Cationic protein and chlorine exposure may also reduce the
barrier role of the epithelium thus rendering underlying structures
such as the airway smooth muscle more accessible. Acute exposure
to these injurious molecules results in airway neutrophilia, AHR, and

increased collagen deposition (Fig. 3). Interestingly, AHR following
cationic protein instillation is associated with increased sensitivity
but no change in the maximum response [Bates et al., 2006], whereas
ozone and chlorine lead to AHR associated only with an increased
maximal response as seen in antigen-induced AHR. Higher doses of
chlorine also appear to induce increased sensitivity to methacholine
as measured by changes in tissue stiffness [Martin et al., 2003].

MOVING PAST BLANKET MODELS—PHENOTYPIC
APPROACHES TO ANIMAL MODELS OF ASTHMA

An emerging concept is that the clinical presentation of asthma is the
culmination of widely heterogeneous underlying disease pathology.
As the preceding discussion illustrated, heterogeneous mechanisms
characterize animal models as well. With personalized medicine the
end goal, researchers have turned to cluster analyses in an attempt to
characterize specific patient phenotypes based upon various clinical,
inflammatory, and physiological characteristics. The two main
cluster analyses of patients with asthma report surprisingly similar
phenotypic groups [Haldar et al., 2008; Moore et al., 2010]. Both
studies report a group of atopic asthmatics with severe lung function
impairment and elevated eosinophilic airway inflammation despite
optimal treatment. Similarly, both report an obese female population

Fig. 3. Representation of the different types of airway hyperresponsiveness (AHR) induced by antigen-dependent and several antigen-independent models of allergic airways
disease. Antigen-dependent models, such as ovalbumin sensitization and re-exposure, predominantly induce an increase in the maximal response plateau. Similarly, ozone and
chlorine exposure lead to an increase in the maximal response plateau; however, high doses of chlorine appear to also replicate the increased sensitivity (leftward shift) that is
characteristic of AHR in patients with asthma. In contrast, cationic proteins cause an increase in sensitivity to bronchoconstricting stimulus without altering the maximal
response plateau.
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with non-atopic disease and a subgroup of severe asthmatics
associatedwith late-onset disease. Furthermore, there appears to be a
group without eosinophilic airway inflammation, with suggestions
of patients both with elevated neutrophilic inflammation and
without airway inflammation. Understanding the mechanisms
underlying each phenotypic group remains the ultimate path toward
personalized medicine and provides important avenues for develop-
ment and study of phenotypic mouse models of asthma, as discussed
below (Table I).

AGE-ASSOCIATED MODELS OF ASTHMA
The majority of mouse models utilize animals within a very tight age
range which could be considered representative of adolescence.
Although this is in part due to cost restraints of housing mice for
months, our understanding of the effect of age in the manifestation
and progression of asthma is therefore limited. Mice 3–6 months of
age reflect early adulthood whereas 10- to 15-month-old mice are
representative of middle age [Flurkey et al., 2007]. Models utilizing
both are likely to contribute to our understanding of adult-onset
asthma and whether there are distinct consequences for treatment in
this patient phenotype [Hanania et al., 2011]. Furthermore, immune
senescence in the mouse occurs after 18 months of age and therefore
this age range could provide much needed understanding applicable
to asthma in the elderly. Initial data suggest that mice sensitized to
ovalbumin at 6 months or older show reduced severity of AHR,
increased eosinophilic airway inflammation, and increased mucus
metaplasia [Busse et al., 2007]. The clinical relevance of these
findings warrants further investigation.

MODELS OF OBESE ASTHMA
Mouse models have contributed greatly to our understanding of the
effect of obesity on respiratory health. This is in part attributable to
the number of different models available. Diet-induced obesity in
mice is induced through the use of a high fat diet consisting of 60%
fat (compared to standard chow of 10% fat). There are two models in
which genetic modification of the activity of leptin, a satiety

hormone, leads to excessive weight gain; genetic deletion of leptin
itself (ob/ob), or the leptin receptor (db/db). Similarly, excessive
weight gain is induced in mice genetically deficient in an enzyme
involved in eating behaviors, carboxypeptidase E (Cpefat). There is
much variation in the speed and extent to which each model
develops obesity, with ob/ob and db/db obese by 8 weeks of age
whereas weight gain in diet-induced and Cpefat is comparatively
delayed [Shore and Obesity, 2010]. Interestingly, although all obese
mouse models are innately hyperresponsive (i.e., without sensitiza-
tion) the development of AHR appears to correspond to the time-
course of weight gain [Shore, 2010]. This innate AHR is not
associated with airway inflammation but rather appears dependent
upon the production of IL-17A by innate lymphoid cells in the lung
[Kim et al., 2014]. This should prove to be a promising area of future
research [Sideleva and Dixon, 2014].

MODELS OF SEVERE ASTHMA
There is a clear lack of mouse models of severe asthma which are
needed to better understand this important patient population. A
recent model of co-expression of both systemic interleukin-5 and
lung eotaxin-2 (I5/E2) replicates many features of severe asthma
[Ochkur et al., 2007]. Unlike other mouse models, I5/E2 double
transgenic mice also replicate the eosinophil degranulation seen in
human patients. Non-challenged I5/E2mice had exaggerated airway
remodeling compared to WT mice challenged with ovalbumin and
such severe AHR that methacholine challenges frequently led to
death.

The expression of IL-17 from CD4þmemory T cells, referred to as
TH-17 cells, appears to play an important role in neutrophilic airway
inflammation and AHR that is steroid resistant in mouse models of
asthma [McKinley et al., 2008]. Additionally, a recentmodel utilizing
sensitizationwith a combination of ovalbumin, HDM, and cockroach
appears to result in increased AHR and asthma pathophysiology that
was steroid resistant [Duechs et al., 2014]. It is evident from the
above that these two models represent different yet equally
informative pictures of severe disease—the former exaggerated

TABLE I. Clinical Phenotypes of Human Asthma and Their Corresponding Mouse Models

Human phenotype Mouse model

Allergic: antigen-dependent Ovalbuminþ adjuvant (Al(OH)3 or LPS)
House dust mite Aspergillus fumigatus Cockroach Ragweed

Allergic: antigen-independent (injury models) Cationic protein
Ozone Chlorine Hydrogen chloride

Obese Diet induced
Cpefat

Db/Db
Ob/Ob

Severe eosinophilic IL-5þ eotaxin-2 HDMþ ovalbuminþ cockroach (mixed inflammatory profile)
Severe neutrophilic TH-17 transfer/IL-17 HDMþ ovalbuminþ cockroach (mixed inflammatory profile)
Adult onset >6 months (?)
Elderly asthma >18 months (?)

Traditional mouse models of asthma have focused on allergic airways disease and have predominantly utilized sensitization and re-exposure to a variety of antigens.
However, several models are available which are independent of antigen and most likely represent consequences of injury to the airway epithelium. Cluster analyses of
human patients with asthma have discovered several specific phenotypes which have begun to be recapitulated in mouse models. Obesity models are the most prevalent of
the phenotypic asthma models and have contributed greatly to our understanding of the effect of obesity on asthma pathophysiology. In contrast, there are currently
limited models of severe disease and their clinical relevance is yet to be determined. Although the effect of aging in mousemodels of asthma has been reported, much is still
to be elucidated as to the effect of differences on treatment response and disease progression. Cpefat¼mice with a genetic deficiency in carboxypeptidase an enzyme
involved in the regulation of eating behaviors, ob/ob¼mice deficient in leptin, db/db¼mice deficient in the leptin receptor, IL-5¼ interleukin-5, IL-17¼ interleukin-17.
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pathophysiology and the latter two steroid-resistance—and future
research is needed to determine which features of both models
represent the human phenotype(s).

THE ROLE OF ANIMALMODELS IN TRANSLATIONAL
RESEARCH

ENHANCED MECHANISTIC UNDERSTANDING FROM TRANSGENIC
MOUSE MODELS
The overwhelming popularity of the mouse as a model of asthma is
largely based upon technologies allowing for genetic manipulation
not yet widely available in other animals [reviewed in Rawlins and
Perl, 2012]. Utilizing transgenic mouse models of asthma has
provided in-depth understanding of the role of a plethora of
cytokines, receptors, and other molecules in the pathophysiology of
human asthma. One example from our laboratory is the role of the
pro-inflammatory signaling pathway, nuclear factor-kappaB (NF-
kB), which was shown to be elevated in the airway epithelium of
patients with asthma [Hart et al., 1998]. To fully elucidate the
complex role of airway epithelial NF-kB, we first utilized a
transgenic model whereby a mutant of the inhibitor of NF-kB,
IkBa, was constitutively overexpressed in CC10 expressing cells
(CC10-NF-kBSR), thus preventing the activation of NF-kB in ciliated
airway epithelial cells. Using the ovalbumin model, the CC10-NF-
kBSR transgenic mouse demonstrated reduced eosinophilia, mucus
metaplasia, and inflammatory cytokines; however, there was no
observed difference in AHR [Poynter et al., 2004]. In contrast,
following HDM exposure, CC10-NF-kBSR mice displayed attenuated
neutrophilia, airway remodeling and AHR [Tully et al., 2013]. These
studies demonstrated a critical role of airway epithelial NF-kB in
asthmamodels but also illustrate that the specific effects of NF-kB on
pathophysiology are dependent upon the particular model utilized.

To further unravel the complexities of epithelial NF-kB activation
in asthma models, a transgenic mouse was created in which
Inhibitory kappa B kinase beta (IKKb), a kinase crucial to activation
of NF-kB, was inducibly deleted from the ciliated airway epithelium
via the doxycycline/CC10-tet/op-cre system (i.e., an inducible
knockout). Epithelial inhibition of IKKb, and thus NF-kB, during
the sensitization phase of the ovalbumin model resulted in marked
decreases in structural remodeling, mucus metaplasia, eosinophilia,
and AHR [Broide et al., 2005]. Additional studies utilized mice in
which a phosphomimetic mutant of IKKb (CA-IKKb) was condi-
tionally expressed under the CC10 promoter, facilitating increased
activation of NF-kB in the epithelium. Following sensitization to
ovalbumin, activation of NF-kB in the epithelium during subsequent
re-exposure resulted in enhanced AHR, neutrophilia, eosinophilia,
and airway smooth muscle hyperplasia/hypertrophy [Pantano
et al., 2008]. Alternatively, NF-kB activation within the epithelium
during the initial exposure of ovalbumin was sufficient to cause
sensitization in the absence of other adjuvants [Ather et al., 2011].
Together these findings, obtained through the sophisticated use of
mouse transgenic models, suggest a critical role of NF-kB activation
in the airway epithelium in both sensitization to antigen and
response to subsequent re-exposure. This genetic paradigm will
allow for further investigation and eventual unraveling of the

signaling pathways activated when topical agents are inhaled and
represents a rigorous approach to address mechanistic hypotheses.

USING MOUSE MODELS TO INSTRUCT CLINICAL RESEARCH
There are a plethora of studies in which pharmacological
intervention reduces asthma pathophysiology in mouse models
yet many of these fail to survive to clinical practice. One factor often
overlooked is toxicity which cannot be entirely predicted by animal
models except in the case of overt clinical signs. Another
contributing issue is whether or not the mouse models have been
appropriately interpreted to ensure that any clinical studies are
targeted toward the appropriate patient populations. The case of IL-
13 in asthma is one such example. IL-13 was first implicated in
asthma after discovery that expression was increased in asthmatic
patients [Naseer et al., 1997]. Subsequent studies in mice suggested a
causal role of IL-13 since IL-13 neutralization in ovalbumin
challenged mice decreased AHR, airway eosinophils, and mucus
production while administration of IL-13 to non-sensitized mice
induced asthma pathophysiology [Grunig et al., 1998]. However,
further investigation revealed that IL-13 was critical for develop-
ment of AHR associated with airway inflammation but not for
chronic AHR associated with airway remodeling [Leigh et al., 2004],
suggesting that anti-IL-13 treatment would only be efficacious in
those with persistent eosinophilic airway inflammation. Indeed,
these findings were recently translated into a clinical trial reporting
that treatment with an IL-13 neutralizing monoclonal antibody in
patients with uncontrolled asthma led to improvements in lung
function only in patients with elevated FeNO, a biomarker for
eosinophilic airway inflammation [Corren et al., 2011]. A similar
situation occurred with IL-5, in which a monoclonal antibody
against IL-5 showed no benefits in general populations of asthmatics
but was effective at reducing several disease outcomes in a selective
phenotype of patients with eosinophilia despite oral corticosteroids
[Nair et al., 2009].

MOVING FORWARD

Severe disease accounts for the majority of morbidity and mortality
in human asthma, and thus refinement of severe mousemodels is an
important direction in the development of novel and clinically
relevant therapies. A recent consensus statement from the European
Respiratory Society and American Thoracic Society [Chung
et al., 2014] defined severe asthma as patients who remain
uncontrolled on, or only reach control with, high dose inhaled
corticosteroids or frequent systemic corticosteroids. Uncontrolled
asthma is assessed by either poor symptom control, the requirement
for “bursts” of systemic corticosteroids, exacerbations requiring
hospitalization or airflow limitation not responsiveness to bron-
chodilator. Some of these features are difficult to recapitulate in
mice but we suggest that important features of a model of severe
asthma may include resistance to corticosteroids, exaggerated
structural remodeling and excessive/fatal bronchoconstriction in
response to either allergen or methacholine inhalation. It is likely
that the pathophysiology in severe asthmatics who remain
uncontrolled and those who reach control involve distinct
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underlying mechanisms. Therefore it is also likely that several
models of severe asthma will be needed to understand this clinically
important patient population.

Our understanding of asthma now includes those patients who
develop the disease very early in life and those who develop the
disease after adolescence. It appears that adult-onset disease is less
associated with airway inflammation than early-onset asthma yet
there are no recognized treatment options for this population.
Understanding the mechanisms leading to the initiation of asthma
pathophysiology post-development is therefore an important
avenue of future research. Furthermore, elderly asthmatics have
increased morbidity and mortality [Yiamouyiannis et al., 1999]
which could be due to the effects of age (such as immune senescence
and increased neutrophilia) confounding asthma pathophysiology
or a synergistic mechanism resulting in distinct pathophysiology.
Similarly, we do not know whether current therapies are less
effective in elderly asthmatics or changes in physiology, such as
reduced elastic recoil, reduce the ability for therapies to reach the site
of abnormality. Animal models, if well-conceived, could shed light
on this dilemma.

The aging population is also growing, and little is known about the
combined effects of age and obesity. It is unknown whether a patient
who becomes obese during middle age has different pathophysiology
asapatientwhowasobeseduring lungdevelopment, and,maybemore
importantly,whetherobesityduringdevelopment isadiseasemodifier
later in life independentofweight loss.Similarly, epidemiological data
suggests that maternal obesity is associatedwith infant wheezing and
that weight gain during pregnancy increases the risk of asthma in
offspring [Harpsoe et al., 2013]. Mouse models provide an exciting
potential to allow investigation of the pathophysiological effect of
maternal obesity and to differentiate a direct effect of obesity from
effects of dietary deficiency.

The changing climate inwhichwe live hasmany consequences for
respiratory health which will potentially impact the development
and severity of asthma. Ground ozone levels rise during extreme heat
conditions and when combined with drought could substantially
increase the number of days in which ozone levels exceed air quality
guidelines [Emberson et al., 2013]. Since projections suggest such
conditions will increase in frequency and intensity [Prudhomme
et al., 2014] exposure to ozone is likely to continue to rise. Acute
increases in ozone are known to worsen asthma symptoms yet we do
not know whether repeated spikes or sustained increases in ground
ozone levels may alter the response to treatment, modify
pathophysiology, or contribute to the development of asthma.
Furthermore, obesity may exaggerate the effects of ozone on
respiratory health [Lu et al., 2006], particularly in those with AHR
[Alexeeff et al., 2007]. However, the clinical relevance or underlying
mechanisms of the interaction between obesity, asthma, and ozone
levels is yet to be determined and animal models would be useful in
unraveling these relationships.

CONCLUSION

Mouse models have contributed substantially to our understanding
of the underlying pathophysiology in asthma. Although no mouse
model of allergic airways disease encompasses all features of the

human disease, careful comparison of the clinical manifestations of
human asthma reveal that current models recapitulate many
characteristic inflammatory, structural, and physiological pathol-
ogy. However, careful considerations should be given to the type of
model employed, method of measurement of lung function, and
timing of intervention so as to best model the clinical situation.
Furthermore, we must continue to strive to refine our models in light
of new clinical information so that rather than replicating “asthma,”
mouse models are able to reflect specific phenotypes of asthmatic
patients. In doing so, we will continue to drive the translation of not
only disease understanding but the development of novel treatments
in those whom current therapies are insufficient.
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