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CLINICAL PUZZLE

From bedside to bench to clinic trials: identifying

new treatments for severe asthma

Amarjit Mishra', Xianglan Yao' and Stewart J. Levine'*

Asthmatics with a severe form of the disease are frequently refractory to standard
medications such as inhaled corticosteroids, underlining the need for new
treatments to prevent the occurrence of potentially life-threatening episodes. A
major obstacle in the development of new treatments for severe asthma is the
heterogeneous pathogenesis of the disease, which involves multiple mechanisms
and cell types. Furthermore, new therapies might need to be targeted to subgroups
of patients whose disease pathogenesis is mediated by a specific pathway. One
approach to solving the challenge of developing new treatments for severe asthma
is to use experimental mouse models of asthma to address clinically relevant
questions regarding disease pathogenesis. The mechanistic insights gained from
mouse studies can be translated back to the clinic as potential treatment
approaches that require evaluation in clinical trials to validate their effectiveness
and safety in human subjects. Here, we will review how mouse models have
advanced our understanding of severe asthma pathogenesis. Mouse studies have
helped us to uncover the underlying inflammatory mechanisms (mediated by
multiple immune cell types that produce Th1, Th2 or Th17 cytokines) and non-
inflammatory pathways, in addition to shedding light on asthma that is associated
with obesity or steroid unresponsiveness. We propose that the strategy of using
mouse models to address clinically relevant questions remains an attractive and
productive research approach for identifying mechanistic pathways that can be
developed into novel treatments for severe asthma.
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Bedside: a clinical perspective on
severe asthma

Asthma is a common, chronic inflammatory
disease of the airways that affects over 300
million individuals worldwide and is
associated with 250,000 premature deaths
each year (Bousquet and Khaltaev, 2007;
Bousquet et al., 2010). Severe asthma has
recently been defined by the World Health
Organization as ‘uncontrolled asthma which
can result in risk of frequent severe
exacerbations (or death) and/or adverse
reactions to medications and/or chronic
morbidity (including impaired lung function
or reduced lung growth in children)
(Bousquet et al., 2010). In addition, a recent

Society defined severe asthma as being
difficult to control with treatment after
excluding ‘modifiable factors, such as poor
adherence, smoking and comorbidities’
(Reddel et al, 2009). Compared with
individuals with mild disease, severe
asthmatics often have late disease onset,
decreased  atopy, elevated sputum
neutrophilia and impaired pulmonary
function (Anderson, 2008; Wenzel, 2012a)
(see Box 1 for a glossary of clinical terms).
Unsurprisingly, morbidity is higher in severe
asthmatics than in those with milder disease,
as indicated by an increase in emergency
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Box 1. Clinical terms

Airflow obstruction: reduction in the amount
of gas that can be exhaled from the lung,
due to airway narrowing.

Airway hyperresponsiveness (AHR): the
enhanced contractility of airway smooth
muscle in response to a bronchoconstricting
stimulus.

Airway remodeling: pathogenic changes that
increase airway wall thickness and decrease
airway luminal diameter, such as mucous cell
metaplasia and mucus hypersecretion,
hypertrophy and hyperplasia of airway
epithelial cells and smooth muscle cells, and
deposition of collagen and extracellular
matrix proteins.

Asthma phenotypes: subgroups of asthmatic
patients characterized by distinct clinical or
pathogenic features.

Atopy: a genetic predisposition to develop
type | hypersensitivity reactions to antigens
that result in allergic diseases, such as
asthma, allergic rhinitis or atopic dermatitis.

Bronchial thermoplasty: a recently
introduced treatment for asthma that uses
several bronchoscopic procedures to
thermally ablate airway smooth muscle.

Bronchoalveolar lavage (BAL): a bronchoscopic
procedure where a videobronchoscope is
inserted into the airway and saline instillations
are recovered for subsequent analysis.

FEV;: forced expiratory volume in 1 second; a
pulmonary function test that is used to
measure airway obstruction in asthma.

Methacholine challenge: inhalation of
aerosolized methacholine, a cholinergic
agonist, can be used to induce
bronchoconstriction as a diagnostic test for
airway hyperresponsiveness in asthma.

Neutrophilia: an increase in neutrophils
(polymorphonuclear leukocytes).

Omalizumab: a humanized monoclonal
antibody that binds IgE.

Pauci-granulocytic: the absence of increased
numbers of eosinophils or neutrophils in
sputum samples from a subset of severe
asthmatics.

Spirometry: a clinical test to quantify airflow
obstruction during an exhalation maneuver
by measuring FEV; (see above).

Sputum: liquid that is ejected from the lungs
and airways via the mouth.
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health care visits, hospitalizations and
intensive care unit (ICU) utilization in such
individuals (Moore et al., 2007). Therefore,
severe asthma is an important public health
problem. Treatment of severe asthma
typically consists of high doses of inhaled cor-
ticosteroids, often in combination with an
inhaled long-acting [B,-agonist and other
controller medications, such as leukotriene
modifiers  (e.g. leukotriene receptor
antagonists or 5-lipoxygenase inhibitors).
Only a limited number of adjunctive
treatment options are currently available for
severe asthmatics whose symptoms are not
adequately controlled by standard therapies.
These alternative treatments include oral
corticosteroids, which have substantial
side effects; omalizumab, a parenterally
administered monoclonal antibody directed
against IgE that can be effective in individuals
with IgE-mediated allergic asthma; and
bronchial = thermoplasty, a recently
introduced approach that requires several
invasive bronchoscopic procedures.

It is increasingly recognized that severe
asthma is not a single disease process, but
instead is comprised of several clinical or
inflammatory subgroups or phenotypes that
probably reflect distinct underlying
mechanistic pathways (Wenzel, 2012b). For
example, two cluster analyses have identified
several severe asthma clinical phenotypes
characterized by either early or late onset of
disease, presence or absence of atopy or
obesity, female or male gender, and
predominance of sputum eosinophils with or
without neutrophils (Haldar et al., 2008;
Moore et al., 2010). Eosinophils are key
effector inflammatory cells in allergic asthma
that are characteristically recruited to the
lung in the setting of adaptive immune
responses mediated by Th2-type CD4*
T cells, whereas neutrophilic airway
inflammation has been associated with
corticosteroid treatment in severe asthma
and can be mediated by Thl- or Th17-type
T cells (see Box 2) (Barnes, 2008; Holgate,
2012; Kim et al, 2010; Wenzel, 2012a).
Sputum analyses from severe asthmatics have
also identified a pauci-granulocytic
inflammatory phenotype that does not have
increased numbers of inflammatory cells
(such as sputum eosinophils or neutrophils),
which suggests the involvement of non-
inflammatory mechanisms mediated by
airway remodeling responses that lead to
excessive airway narrowing (Grainge et al.,
2011; Simpson et al., 2006). The identification
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Box 2. Inflammatory and immune cells in asthma

Dendritic cell: immune cells that induce adaptive immune responses in allergic asthma by

presenting antigens to T cells.

Eosinophil: granular leukocytes that are recruited to the lung by IL-5 and C-C chemokines (CCL11,
CCL24 and CCL26) to mediate allergen-induced airway inflammation.

Innate lymphoid cells (ILCs): innate effector leukocytes that respond to IL-25 and IL-33 and mediate
type 2 immune responses by secreting IL-5 and IL-13. These cells have also been termed nuocytes,

natural helper cells or innate helper 2 cells.

Invariant NKT (iNKT) cells: an NKT (see below) cell subset that expresses the invariant T cell

receptor that recognizes glycolipid antigens.

Mast cell: resident tissue cells with basophilic intracytoplasmic granules that release histamine upon
binding of IgE to mediate allergic inflammatory responses.

Natural killer T (NKT) cells: a subset of CD1d-restricted T cells that display characteristics of both T

cells and natural killer (NK) cells.

Neutrophil: granular leukocytes that facilitate host defense against bacterial and fungal pathogens,
but also mediate airway inflammation in severe asthma.

Th1 T cells: CD4" T cells that express T-helper 1 (Th1)-type cytokines, such as interferon-y (IFNy), and
facilitate cell-mediated immune responses against viral and bacterial infections.

Th2 T cells: CD4" T cells that express T-helper 2 (Th2)-type cytokines, such as interleukin (IL)-4, IL-5
and IL-13, and mediate immune responses in allergic diseases and parasitic infections.

Th17 T cells: CD4* T cells and y& T cells that express T-helper 17 (Th17)-type cytokines, such as IL-
17A, and mediate immune responses against bacterial and fungal infections, as well as

autoimmunity.

Type 2 myeloid (T2M) cells: a recently identified, steroid-resistant, bone-marrow-derived cell
population that is recruited to asthmatic airways in response to allergen challenge and mediates
type 2 airway inflammation independently of CD4* Th2 cells.

of distinct severe asthma phenotypes has
fostered the concept of specific targeted or
personalized therapies. For example,
omalizumab has entered clinical practice for
the treatment of moderate to severe
persistent asthma in individuals with
documented allergy to a perennial
aeroallergen, and with serum IgE levels
between 30 and 700 IU/ml (Fanta, 2009).
Thus, there is a growing need to develop
additional therapies for the management of
severe asthma.

Bedside to bench: using mouse
models to identify new treatment
approaches for severe asthma

One approach to solving the challenge of
developing new treatments for severe asthma
is to use experimental mouse asthma models
to improve our understanding of the
processes implicated in disease pathogenesis,
which include airway inflammation, airway
remodeling and airway hyperresponsiveness
(AHR). The insights gained from these
mouse studies can then be translated back to
the clinic as new treatment approaches,
subject to evaluation in clinical trials to
validate their effectiveness and safety in
human subjects. Here, we will review how
research utilizing mouse asthma models has

generated clinically relevant findings
regarding the pathogenesis of severe asthma
and has revealed targets to exploit in the
development of new treatments.

Mouse models of steroid-
unresponsive asthma

A hallmark of severe asthma is refractoriness
to treatment with high doses of inhaled or
oral corticosteroids. As summarized in
Table 1, the ability of steroids to suppress
airway inflammation, airway remodeling and
AHR has been investigated in several mouse
models of allergic asthma induced by
administration of either ovalbumin (OVA) or
house dust mite (HDM), as well as in
experimental  asthma  induced by
administration of the Th2 cytokine IL-13,
either as an exogenous recombinant protein
or as an IL-13-expressing adenovirus (Birrell
etal., 2003; Essilfie et al., 2012; Ito et al., 2008;
Kibe et al., 2003; Therien et al., 2008; Yao et
al., 2010). Several interesting observations
regarding steroid unresponsiveness in
asthma were made during these studies. First,
in mouse models of OVA- and HDM-
induced allergic asthma, eosinophilic and
lymphocytic airway inflammatory responses
are steroid-responsive, whereas the ability of
steroids to suppress neutrophilic airway
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inflammation varies. Second, mouse asthma
models induced by the Th2 cytokine IL-13
are associated with steroid-responsive
eosinophilic and lymphocytic airway
inflammation, which are dissociated from
steroid-resistant  neutrophilic  airway
inflammation, mucus production and AHR
(Kibe et al., 2003; Therien et al., 2008). Third,
the corticosteroid dose required to attenuate
AHR in mouse models is higher than that
needed to reduce eosinophilic airway
inflammation or invoke small, albeit
statistically significant, decreases in AHR
(Birrell et al., 2003; Yao et al., 2010). Fourth,
respiratory infections, which are a common
trigger for asthma exacerbations, can
contribute to steroid unresponsiveness in
asthma: in a mouse model of OVA-induced
allergic airways disease, concomitant lung
infection with a non-typeable Haemophilus
influenza was associated with increases in
Thl7-mediated  neutrophilic  airway
inflammation and reductions in eosinophilic
inflammation (Essilfie et al, 2011).
Furthermore, combined H. influenza
infection and OVA-induced allergic airways
disease results in steroid-unresponsive
neutrophilic airway inflammation and AHR,
whereas these manifestations are steroid-
responsive in noninfected OVA-challenged
mice (Essilfie et al., 2012). This suggests that
co-existing H. influenza infection and allergic
airways disease leads to chronic infection
that facilitates the development of steroid-
resistant, Thl7-mediated, neutrophil-
predominant asthma. These findings support
the concept that treating bacterial infections
in steroid-resistant asthmatics might be
beneficial.

Histone deacetylases (HDACs) play an
important role in reducing or silencing pro-
inflammatory gene transcription, and have
been implicated in the pathogenesis of
steroid-unresponsive asthma. HDAC2 has
been shown to deacetylate the glucocorticoid
receptor, which then binds to NF«B and
attenuates the expression of pro-
inflammatory genes (Barnes, 2011; Ito et al.,
2008). In addition, reduced HDAC2 activity
in peripheral blood mononuclear cells from
severe asthmatics has been shown to
correlate with impaired sensitivity to steroid
treatment (Hew et al., 2006). Studies
analyzing bronchoalveolar lavage (BAL) cells
and bronchial biopsies have generated
discordant results as to whether HDAC
expression is modified in severe asthmatic
individuals (Butler et al., 2012; Li et al.,

Disease Models & Mechanisms
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The real-world challenges facing severe asthmatics are illustrated by the following case study of a
middle-aged female patient with a history of allergic asthma since childhood. She has had severe
disease for the past two decades, as evidenced by yearly asthma decompensations that require an
urgent care visit, as well as multiple asthma hospitalizations, one of which was associated with
respiratory failure requiring ICU admission. The patient’s asthma was inadequately controlled despite
multiple medications, which included high doses of an inhaled corticosteroid plus a long-acting (32-
agonist, and an oral leukotriene receptor antagonist. In addition, she required treatment with oral
prednisone (10 mg daily), which resulted in several corticosteroid-related toxicities including weight
gain, cushingoid features (moon-shaped facies, buffalo hump and truncal obesity) and osteopenia
(reduction in bone mass). To circumvent these side effects, specifically osteopenia, the patient
required treatment with alendronate (a bisphosphonate medication used to prevent and treat loss of
bone mass), calcium and vitamin D. Her serum immunoglobulin E was mildly elevated. Spirometry
revealed severe airflow obstruction on repeated determinations with intermittent positive
bronchodilator responses to an inhaled 32-agonist. Thus, at time of presentation, the patient had
poorly controlled asthma despite daily treatment with oral corticosteroids that were causing
substantial side effects. Induced sputum analysis revealed >7% eosinophils, consistent with an
eosinophil-predominant inflammatory phenotype that might in the future be amenable to
treatment with an anti-IL-5 therapy. A therapeutic trial of omalizumab could also be considered. This
case clearly illustrates that there remains an unmet need for the development of new treatment
options for severe asthmatics that are safe, efficacious, easy to administer and affordable.
Furthermore, therapies for severe asthma might be more effective if they are personalized to target
the pathways that mediate the clinical phenotype of each patient.

2010b). Analysis of mouse models, however,
has supported a role for HDACs in steroid-
resistant severe asthma. For example,
reduced HDAC activity has been linked with
steroid-resistant ~ neutrophilic  airway
inflammation in a mouse OVA model
simulating an acute asthma exacerbation (Ito
et al,, 2008). In this model, steroids did not
suppress neutrophilic inflammation and
AHR. Furthermore, dexamethasone, a potent
synthetic  corticosteroid  with  anti-
inflammatory immunosuppressive
properties, did not reverse OVA-induced
decreases in HDAC2 protein or increases in
NFkB activity (Ito et al., 2008). Increases in
lipid peroxidation were also unresponsive to
steroid treatment, suggesting a role for
oxidative stress in the reduced HDAC2
activity. Collectively, these findings support
impaired nuclear recruitment of HDAC2 as
a potential mechanism of steroid-resistant
neutrophilic airway inflammation in asthma.
Similarly, OVA-challenged mice with a
conditional deletion of HDACI in CD4* T
cells display a phenotype of increased airway
eosinophilia and Th2 cytokine production,
mucus  hypersecretion and  AHR
(Grausenburger et al, 2010). Thus,
therapeutic strategies aimed at enhancing
HDAC activity might be beneficial in steroid-
unresponsive asthma.

A mouse model of HDM-induced asthma
has also been used to identify steroid-
unresponsive genes that participate in the
pathogenesis of asthma and could thereby

and

represent potential targets for
therapeutic interventions (Yao et al., 2011b).
Genome-wide analysis of the lung
transcriptome in HDM-challenged mice
showed that apolipoprotein E expression
increases in response to HDM, and
expression remains persistently high even
after treatment with dexamethasone.
Furthermore, in apolipoprotein-E-deficient
mice, HDM challenge results in
augmentation of AHR and mucous cell
metaplasia (Yao et al., 2010). Together, these
data indicate that endogenous apolipoprotein
E has a protective role in asthma.
Apolipoprotein E, which is expressed by
alveolar macrophages, mediates this
protective effect by binding to low density
lipoprotein (LDL) receptors on airway
epithelial cells. Administration of an
apolipoprotein  E mimetic  peptide,
corresponding to the LDL-receptor-binding
domain of the holo-apolipoprotein E, not
only reverses the increases in HDM-induced
AHR and mucous cell metaplasia, but also
attenuates eosinophilic airway inflammation
and the production of Th2 and Thl7
cytokines in an asthma model. This suggests
that administration of apolipoprotein E
mimetic peptides might represent a novel
treatment approach for individuals with
steroid-unresponsive  severe  asthma.
Interestingly, recent studies have identified a
potential link between apolipoprotein E and
protein phosphatase 2A (PP2A) in the
treatment of severe asthma. Upon internal-

new
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Table 1. Effect of corticosteroids on asthma manifestations in mouse models

Steroid-responsive asthma

Clinical puzzle of severe asthma

Steroid-unresponsive asthma

Reference Asthma model Mouse strain phenotypes phenotypes
Birrell et al., 2003 OVA BALB/c Eosinophils (BALF and tissue) Neutrophils (tissue)
Lymphocytes (BALF and tissue)
Neutrophils (BALF)
AHR
Ito et al., 2008 OVA BALB/c Eosinophils (tissue) Neutrophils (tissue)
Lymphocytes (tissue) AHR
Histone acetylase activity Reduced HDAC2 activity
NFkB activity
Lipid peroxidation
Essilfie et al.,, 2012 OVA BALB/c Eosinophils (BALF) None
Neutrophils (BALF)
Th1, Th2 and Th17 cytokines
AHR
Yao et al., 2010 HDM A/) Eosinophils (BALF) None
Neutrophils (BALF)
Lymphocytes (BALF)
Mucous cell metaplasia
AHR
Kibe et al., 2003 IL-13 recombinant protein A/) Eosinophils (BALF) AHR
CCL11 (Eotaxin 1) Mucous cell metaplasia
Therien et al., 2008 IL-13-expressing adenovirus BALB/c Eosinophils (BALF) Neutrophils (BALF)
Lymphocytes (BALF) Macrophages (BALF)
AHR
Mucus production
Cytokines (IL-10, IL-12)
Chemokines (CXCL1/KC, CCL11, CCL24)
Essilfie et al.,, 2012 OVA + H. influenza infection BALB/c None Eosinophils (BALF)

Neutrophils (BALF)
Th1, Th2 and Th17 cytokines
AHR

BALF; bronchoalveolar lavage fluid, OVA; ovalbumin, HDM;

ization into cells, apolipoprotein E (or
apolipoprotein E mimetic peptides) bind
SET, a physiological inhibitor of PP2A, which
liberates PP2A  to attenuate pro-
inflammatory signaling (Christensen et al.,
2011). This could be beneficial from a
treatment perspective, because PP2A
expression and activity are reduced in
peripheral blood mononuclear cells from
severe asthmatics (Kobayashi et al., 2011).

Type 2 immune-mediated
mechanisms in severe asthma
pathogenesis

Type 2 immune responses mediated by a
canonical set of Th2 cytokines, which include
IL-4, IL-5 and IL-13 and are produced by
Th2-type CD4" T cells, play a central role in
the pathogenesis of allergic asthma (Barnes,
2008; Holgate, 2012; Kim et al., 2010; Wenzel,
2012b). For example, IL-4 regulates the
differentiation of naive ThO cells to Th2 cells,
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house dust mite.

IL-4 and IL-13 mediate isotype class
switching of B cells to IgE production, IL-5
promotes eosinophil differentiation and
survival, and IL-13 induces mucus
hypersecretion, AHR and chemokine
production. Mouse models have provided
important insights into the role of type 2
immune responses in the pathogenesis of
severe asthma. In one study, a knock-in
mouse model of the human Q576R variant
of the interleukin-4 receptor a chain (IL-4Ra)
was used to investigate the relationship
between this genotype and a phenotype of
severe asthma and low lung function that is
more common in African-Americans
compared with Caucasians (Tachdjian et al.,
2009). OVA-challenged mice expressing the
IL-4Ra R576 mutant allele had enhanced
eosinophilic airway inflammation, mucous
cell metaplasia and airway remodeling
compared with mice expressing the
conserved Q576 wild-type allele (Fig. 1A).

The polymorphism was also associated with
increases in IL-4 production by Th2 cells,
antigen-specific IgE production and
expression of IL-13-responsive genes.
Similarly, intranasal administration of IL-13
to mice with the Q576R substitution leads to
enhanced AHR, airway eosinophilia and
mucous cell metaplasia (Tachdjian et al,
2009). These findings confirmed a causal
relationship between the Q576R IL-4Ra
polymorphism and the clinical phenotype of
heightened asthma prevalence and severity
in African-Americans due to enhanced Th2
inflammation.

It has recently been recognized that type
2 immune responses are not only generated
by CD4* Th2 T cells, but are also produced
by other cell types, such as invariant natural
killer T (iNKT) cells, type 2 myeloid (T2M)
cells and innate lymphoid cells (Holgate,
2012; Kim et al., 2010). Furthermore, recent
studies using mouse models have provided

dmm.biologists.org
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Fig. 1. Type 2 immune pathways in mouse
models of severe asthma. (A) CD4" T cells
mediate type 2 immune responses by
producing canonical cytokines, such as IL-4,
IL-5 and IL-13. Knock-in mice expressing the
Q576R polymorphism of the human IL-4
receptor a chain (IL-4Ra) recapitulate a
severe asthma phenotype seen in African-
American patients manifested by increased
IL-4 production by CD4* Th2 lymphocytes.
Recent mouse studies have also identified
that non-CD4* cells play an important role
in mediating type 2 immune responses in
severe asthma. These include: (B) type 2
myeloid (T2M) cells, which are a steroid-
resistant cell population in asthmatic

airways that produce IL-4 and IL-13 in
response to IL-25, (C) invariant natural killer
T (iNKT) cells that produce IL-4 and IL-13 in
response to the glycolipid a-
galactosylceramide (a-GalCer) when
presented by the MHC class I-like protein,

- cD4* P4 :
3 IgE production
Q576R
B P-4
ML-13 Eosinophilic airway inflammation
—_— _ .
IL-17RB
C
i
Antigen ! iNKT 'r IL-13 «  Eosinophilic airway inflammation
presenting Em cell * IgE production
D14 TCR * Mucous cell metaplasia
« Airway hyperresponsiveness
e T .
D cD4* ,T\ IL-13 « Eosinophilic airway inflammation
3 NKT « Neutrophilic airway inflammation
cell ;i( CCL17 ¢ Mucous cell metaplasia
IL-17RB ch|_22 « Airway hyperresponsiveness
E IL-17RB T IL-5

evidence that non-CD4" cells play an
important role in mediating type 2 immune
responses in steroid-resistant asthma
(Petersen et al., 2012). A mouse model of
cockroach-induced chronic airway
inflammation identified T2M cells as a
steroid-resistant cell population in asthmatic
airways that mediates type 2 airway
inflammation independently of CD4* Th2
cells (Fig. 1B) (Petersen et al., 2012). Allergen-
exposed mice demonstrate increased
expression of the IL-17 family member IL-
25 (also known as IL-17E), which induces
Th2 cytokine production by T2M cells via
the IL-25 receptor, IL-17RB, as well as by
CD4" T cells. Consistent with this, IL-17RB
knockout mice show decreases in
eosinophilic lung inflammation and mucous
cell metaplasia following cockroach antigen
challenge, and the adoptive transfer of T2M
cells successfully reconstitutes IL-25-
mediated  responses. In  contrast,
dexamethasone treatment did not reduce
the IL-25-induced T2M pulmonary
responses characterized by increases in type
2 cytokines, airway inflammation, mucous
cell metaplasia and AHR. Lastly, the
relevance of T2M cells to human asthma was
suggested by a significant increase in the
number of CD11b*CD16*CD177*

Disease Models & Mechanisms

By

1‘ IL-13 «  Airway hyperresponsiveness

granulocytic cells that express 17RB* and
produce IL-4 and IL-13 in response to IL-25
stimulation, in peripheral blood samples
from asthmatic subjects. Thus, in response
to IL-25, IL-17RB" T2M cells might be
recruited to the lung and mediate steroid-
unresponsiveness in asthma.

iNKT cells that produce IL-4 and IL-13
represent another cell type that promotes
AHR independently of CD4" Th2 cells
(Fig. 1C) (Meyer et al.,, 2006). iNKT cells
express a highly restricted T-cell-receptor
repertoire consisting of Val4-Jal8 in mice
and Va24-Jal8 in humans that selectively
recognizes the glycolipid a-galactosylce-
ramide (a-GalCer) when presented by the
major histocompatibility complex (MHC)
class I-like protein, CD1d (Holgate, 2012;
Kim et al, 2010; Meyer et al., 2006). It has
been reported that the percentage of iNKT
cells in the lungs of severe asthmatics is
higher than in non-asthmatics or those with
well-controlled asthma, which suggests a
role in severe disease; however, some
controversy exists regarding the role of INKT
cells in human disease (Kim et al., 2010;
Matangkasombut et al., 2009). MHC-II-
deficient mice that lack conventional CD4*
T cells, but have iNKT cells, display increased
AHR at baseline and following challenge

CD1d, (D) CD4* NKT cells that express IL-
17RB and produce IL-13, IL-4 and Th2
chemokines in response to IL-25, and (E)
innate effector lymphoid cells (ILCs) that
produce IL-5 and IL-13 in response to IL-25
orlL-33.

with o-GalCer (Meyer et al., 2006).
Activation of iNKT cells also increases serum
levels of IL-4 and IgE, in addition to
increasing eosinophilic and lymphocytic
peri-bronchiolar inflammation. iNKT cells
have also been implicated in the pathogenesis
of AHR following allergen challenge and
ozone exposure (Kim et al., 2010). Similarly,
an NKT-cell-macrophage immune axis has
been identified that mediates chronic airway
disease in a mouse model of Sendai virus
infection (Kim et al., 2008). In this model,
viral infection activates CD4~ iNKT cells via
glycolipid-loaded CD1d, which then induces
IL-13 production by lung macrophages and
subsequent mucous cell metaplasia. In
addition, a subset of IL-17RB* CD4" NKT
cells has been identified, which expresses IL-
13 and, to a lesser extent, IL-4, as well as Th2
chemokines (CCL17 and CCL22), upon
stimulation by IL-25 in vitro. These cells
mediate OVA/IL-25-dependent AHR,
mucous cell metaplasia and airway
inflammation in vivo (Fig. 1D) (Terashima et
al,, 2008).

Innate lymphoid cells (ILCs; which have
also been termed nuocytes, natural helper
cells or innate helper 2 cells) are innate
effector lymphoid cells that respond to IL-
25 and IL-33 to mediate type 2 immune
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responses independently of CD4* Th2 T
cells or B cells, via the secretion of IL-5 and
IL-13, but little IL-4 (Barlow et al., 2012;
Chang et al,, 2011; Spits et al., 2013). ILCs
that produce IL-13 in response to IL-33
secreted by alveolar macrophages were
initially found to mediate influenza-induced
AHR in mice (Chang et al., 2011). ILCs have
also been shown to be a major innate source
of IL-13 in allergen-challenged lungs, and to
mediate  IL-25-induced = AHR  and
eosinophilia in mouse asthma (Fig. 1E)
(Barlow et al., 2012). Similarly, in a mouse
asthma model, NKT cells activated by
glycolipid antigens (a-GalCer) directly
induce alveolar macrophages and dendritic
cells to produce IL-33, which activates NKT
cells and ILCs to secrete IL-13 and thereby
induce AHR and airway inflammation (Kim
et al, 2012). Furthermore, IL-33 is
upregulated in airway smooth muscle from
asthmatics, and dexamethasone does not
attenuate TNF-induced IL-33 upregulation,
which suggests a role for IL-33 in severe
asthma (Préfontaine et al., 2009).

Studies of experimental asthma models
have suggested a role for Lyn in the
development of a type 2 immune phenotype
in severe asthma. Lyn is a Src family non-
receptor tyrosine kinase that is expressed by
hematopoietic cells (with the exception of T
cells) infiltrating the inflamed asthmatic
airway (Beavitt et al., 2005). OVA-challenged
Lyn-deficient mice display a phenotype of
severe, persistent airway inflammation,
concomitant with an increase in bron-
choalveolar lavage fluid (BALF) eosinophils,
macrophages and CD4+ T cells, as well as an
increase in Th2 cytokines (IL-4 and IL-5),
mast cell degranulation, AHR, IgE
production and Th2-polarizing dendritic
cells. This demonstrates that Lyn functions
as a negative regulator of severe type-2-
mediated airway inflammation via a non-T-
cell-mediated mechanism. Mice deficient in
Nrf2 (nuclear erythroid 2 p45-related factor
2), a redox-sensitive basic leucine zipper
transcription factor that mediates the
transcription of numerous antioxidant genes,
also have a phenotype of severe OVA-
induced eosinophilic airway inflammation,
increased expression of Th2 cytokines,
mucous cell metaplasia, and AHR that occurs
secondary to the attenuated transcription of
multiple antioxidant genes (Rangasamy et al.,
2005). This suggests that Nrf2-dependent
antioxidant pathways could be impaired in
severe asthma.
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IL-17-dependent, steroid-
unresponsive neutrophilic airway
inflammation in severe asthma
Neutrophils are a predominant cell type
found in airway secretions during severe
asthma exacerbations and have been
associated with chronic airway narrowing in
asthma (Fahy, 2009). In addition, some
severe asthmatics can be phenotypically
characterized by sputum neutrophilia,
together with adult-onset disease, severe
airflow obstruction, systemic corticosteroid
use and high healthcare utilization (Wenzel,
2012b). Furthermore, steroids can enhance
airway neutrophilia by inhibiting neutrophil
apoptosis and by promoting neutrophil
activation (Wenzel, 2012b). Thus, in a
subset of patients, neutrophils play an
important role in the pathogenesis of severe
asthma. IL-17A, which is primarily
produced by CD4" Th17 cells, as well as by
y8 T cells, natural killer (NK) cells, mast
cells and neutrophils, is increased in the
lungs of severe asthmatics and correlates
with sputum neutrophilia (Miossec and
Kolls, 2012). Mechanisms by which IL-17
promotes  neutrophilic  inflammation
include enhanced granulopoiesis,
chemotaxis and survival, which are
mediated via CXCL8 (IL-8) and
granulocyte-colony stimulating factor
(Miossec and Kolls, 2012).
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Clinical puzzle of severe asthma

Mouse-model-based studies of Th17 cells
and IL-17 have provided key insights into the
role of the IL-17 pathway in the pathogenesis
of severe asthma (Fig. 2). For example, the
adoptive transfer of in vitro polarized,
antigen-specific Th17 cells to OVA-
challenged mice induces BALF neutrophilia
and AHR that is resistant to steroids and is
associated with increased levels of CXCL1
(GROa, KC) and G-CSF in BALF, whereas
the adoptive transfer of in vitro polarized
antigen-specific Th2 cells induces BALF
eosinophila and lymphocytosis that is
steroid-responsive (McKinley et al., 2008).
This supports the concept that Th17 cells
mediate steroid-unresponsive neutrophilic
airway inflammation and AHR in severe
asthma. A mouse model of HDM-induced
asthma has also shown that IL-17A-induced
increases in AHR are regulated by the
complement system. In particular, C3a
production induces, whereas C5a inhibits,
dendritic-cell-derived IL-23 production,
which in turn upregulates IL-17A production
by Th17 cells and thus leads to increases in
AHR (Lajoie et al, 2010). Furthermore,
neutralization of IL-17A significantly
attenuates HDM-induced BALF
neutrophilia. This work provided a link
between complement activation and the IL-
17 pathway in asthma. Additional evidence
regarding the role of IL-17A in AHR has

/G-}’ Neutrophil

CXCL1

\ LA7RA
LIJ

Smooth muscle cell

Fig. 2. Th17 immune pathways in mouse models of severe asthma. IL-17 production by Th17 cells in
mouse models mediates steroid-unresponsive neutrophilic airway inflammation and airway
hyperresponsiveness (AHR). In a house dust mite (HDM) model of severe asthma, complement factor C3a
enhances, whereas C5a protects against, dendritic-cell-mediated IL-23 production, Th17 responses and
AHR. Mice that lack the av38 integrin on dendritic cells are also protected from AHR owing to a loss of
Th17 cells. Furthermore, IL-17A has been shown to bind directly to IL-17 receptor A on airway smooth
muscle cells, which enhances contractile force generation. In mouse models, endogenous apolipoprotein
A-l reduces ovalbumin (OVA)-induced neutrophilia by attenuating production of G-CSF and IL-17.
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come from conditional knockout mice that
lack the avf8 integrin on dendritic cells
(Kudo et al.,, 2012). These mice do not
generate CD4" aff Thl7 cells and are
protected from allergen-induced AHR.
Furthermore, IL-17A binds to IL-17 receptor
A on airway smooth muscle cells and directly
enhances contractile force generation of
mouse tracheal rings (Kudo et al, 2012).
Collectively, these studies suggest that
therapies targeting IL-17A might be
beneficial for the treatment of steroid-
unresponsive neutrophilic airway
inflammation and AHR. Consistent with this,
an anti-IL-17 neutralizing antibody has
entered human clinical trials for asthma
(Miossec and Kolls, 2012).

Interestingly, apolipoprotein A-I has been
shown to negatively regulate neutrophilic
airway inflammation in allergen-induced
mouse models (Fig. 2). Apolipoprotein A-I
(apoA-I) is the major protein component of
high-density-lipoprotein  particles  and
mediates reverse cholesterol transport out of
cells by interacting with the ATP-binding
cassette (ABC) transporter Al (ABCA1)
(Navab et al., 2011; Osei-Hwedieh et al., 2011).
ApoA-I-deficient (apoA-I"'") mice that are
challenged with OVA  demonstrate
augmented BALF neutrophilia that is
secondary to an increase in G-CSF production
(Dai et al, 2012). The phenotype of
augmented BALF neutrophilia can be
reversed by administration of an apoA-I
mimetic peptide, 5A. Similarly, administration
of the 5A apoA-I mimetic peptide to HDM-
challenged wild-type A/] mice attenuates
increases in IL-17A expression, BALF
neutrophilia and AHR, as well as increases in
mucous cell metaplasia and numbers of BALF
eosinophils and lymphocytes (Yao et al,
2011a). Taken together, these studies imply
that administration of apoA-I mimetic
peptides might be beneficial for the treatment
of neutrophil-predominant severe asthma
phenotypes.

Th1-dependent neutrophilic airway
inflammation and AHR in severe
asthma

Both human and mouse studies have
provided evidence suggesting a role for Th1l
cells in the pathogenesis of severe asthma.
Parallel immunological and clinical profiling
of children participating in a birth cohort
study has shown an association between
AHR to inhaled histamine and a Thl
phenotype characterized by enhanced IFNy
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production by peripheral blood mononuclear
cells stimulated with phytohaemagglutinin A
(PHA) (Heaton et al., 2005). Furthermore, an
increase in IFNy-expressing inflammatory
cells has been found in the airway
subepithelial compartment in severe, but not
in moderate, asthmatics who have sputum
neutrophilia and eosinophilia (Shannon et al.,
2008). In mouse models, Th1 cells have been
shown to function in a cooperative manner
with Th2 cells to mediate severe airway
inflammatory responses; however, this has
not been a universal finding and other studies
have reported that Thl responses can
counteract Th2-mediated asthma, with the
conflicting results potentially reflecting
differences in mouse models or experimental
approaches (Hansen et al., 1999; Yu et al.,
2011). There exists, nonetheless, a growing
body of evidence generated from mouse
models that indicates a potential role for
IFNy-dependent Thl responses in the
pathogenesis of neutrophilic airway
inflammation and AHR in severe asthma
(Fig. 3). For example, the adoptive transfer
of antigen-specific IFNy-producing Th1 cells
plus lipopolysaccharide (LPS) to OVA-
challenged mice induces steroid-resistant
AHR that is dependent upon TLR4 and
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MyD88 and inhibited by the depletion of
macrophages (Yang et al., 2009). Similarly,
BALF neutrophilia that can only be partially
suppressed by steroid treatment is induced
by the adoptive transfer of Th1 cells together
with LPS. In contrast, the adoptive transfer
of antigen-specific Th2 cells induces
eosinophilic airway inflammation and AHR
that is steroid-responsive. Furthermore,
cooperative signaling by IFNy and LPS
induces MyD88-dependent, steroid-resistant
AHR via a pathway involving IL-27
production by pulmonary macrophages (Li
et al, 2010a). These studies demonstrate the
role of cooperative signaling by Th1 cells and
LPS in mediating steroid-unresponsive AHR.

Mouse studies have also highlighted a
cooperative role for Thl cells and IL-18 in
asthma pathogenesis. The adoptive transfer
of antigen-specific IFNy-producing Th1 cells
that express the IL-18 receptor a chain,
followed by intranasal challenge with OVA
and IL-18, induces IFNy-dependent AHR
and severe airway inflammation (Sugimoto
et al, 2004). The cells involved in this
response are neutrophils, eosinophils and
lymphocytes. Interestingly, these IFNy-
producing Thl cells also express Th2
cytokines, such as IL-9 and IL-13, as well

IL-27 Airway

hyperresponsiveness

Airway
hyperresponsiveness

E —

Neutrophil

Fig. 3. Th1 immune pathways in mouse models of severe asthma. [FNy-dependent Th1 responses
mediate the pathogenesis of neutrophilic airway inflammation and airway hyperresponsiveness (AHR) in
mouse models of severe asthma. The adoptive transfer of ovalbumin (OVA)-specific IFNy-producing Th1
cells plus lipopolysaccharide (LPS) induces steroid-resistant AHR and neutrophilia. IFNy-producing Th1
cells are activated in response to antigen (OVA) and IL-18. Mouse model studies have shown that IFNy-
dependent AHR in severe asthma involves IL-27 production by macrophages and the binding of
neurokinin A to neurokinin-2 receptors on airway smooth muscle cells. IFNy can also activate mast cell
IFNy receptors to promote AHR, mucous cell metaplasia, and neutrophilic and eosinophilic airway

inflammation.
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as TNE GM-CSF and chemokines.
Furthermore, co-administration of OVA plus
LPS induces Th1 cells to express IFNy in an
IL-18-dependent manner that leads to severe
neutrophilic airway inflammation and AHR,
which suggests that this pathway is relevant
for asthma exacerbations elicited by bacterial
infections (Hayashi et al., 2007). Extending
further the role of IFNy and Thl pathways
in severe asthma, the intranasal
administration of IFNy has been shown to
induce AHR in the absence of neutrophilia
via a pathway that involves the binding of
neurokinin A to neurokinin-2 receptors
expressed on airway smooth muscle cells
(Kobayashi et al., 2012).

An additional important role for IFNy in
the pathogenesis of asthma has been
identified using an engraftment model of
mast-cell-deficient Kit¥ "W mice (Yu et
al., 2011). Expression of the IFNy receptor
by mast cells promotes AHR, neutrophilic
and eosinophilic airway inflammation, and
airway remodeling, which defines a newly
identified role for IFNy-dependent mast cell
activation in the pathogenesis of chronic
allergic airway inflammation in mice.
Collectively, these studies suggest that
therapies targeting IFNy might be effective
in severe asthmatics with Thl-driven
immune responses.

Mouse models of the obesity-related
severe asthma phenotype

Studies of human asthmatics have identified
a subgroup of asthmatics, mostly female
subjects, that is characterized by obesity, late
onset (mid-40s) disease and minimal allergy
(Wenzel, 2012b). Similarly, AHR is a
common feature of mouse models displaying
an obese phenotype, such as 0b/ob mice that
lack the satiety hormone leptin, db/db mice
that lack the leptin receptor, or Cpe™ mice
that lack carboxypeptidase E, which is
involved in the processing of neuropeptides
that mediate eating disorders (Shore, 2010).
However, administration of leptin to OVA-
challenged mice induces increases in AHR
and serum IgE, suggesting that a more
complex mechanism underlies the increased
AHR in obese mice (Shore, 2010; Shore
et al., 2005). Systemic administration
of adiponectin, an anti-inflammatory
adipokine, mediates a decrease in AHR,
Th2 cytokines, and BALF eosinophils,
neutrophils and lymphocytes (Shore et
al, 2006). Similarly, OVA-challenged
adiponectin knockout mice have increases in
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BAL eosinophils and macrophages, although
AHR is not modified (Medoff et al., 2009).

Mouse models of the pauci-
granulocytic asthma phenotype

The absence of a predominant inflammatory
cell in the sputum of a group of severe
asthmatics suggests that the pauci-
granulocytic phenotype is mediated by non-
immune or non-inflammatory mechanisms.
Consistent with this hypothesis, a recent
study of asthmatics has shown that
methacholine-induced bronchoconstriction
induces airway remodeling that is manifested
by goblet cell hyperplasia, epithelial cell
proliferation and basement membrane
thickening, without eosinophilic
inflammation (Grainge et al., 2011). Several
mouse studies have suggested a role for
integrin pathways in the pathogenesis of
exaggerated airway narrowing, which could
contribute to the pathogenesis of
inflammation-independent ~AHR.  For
example, the ovp5 integrin, which is
expressed in airway smooth muscle cells,
mediates increases in allergen-induced
airway  smooth  muscle thickness
independently of airway inflammation
(Tatler et al., 2011). Furthermore, contraction
agonists induce transforming growth factor
B (TGEP) activation in smooth muscle cells
via avf5, which suggests that this pathway
could induce bronchoconstriction-induced
airway remodeling in asthma. Integrin a9f1,
which is also expressed in airway smooth
muscle tissue, has been shown to attenuate
airway smooth muscle contraction and AHR
via a mechanism involving the recruitment
of the polyamine-catabolizing enzyme
spermidine/spermine N'-acetyltransferase,
which leads to the inhibition of the lipid
kinase PIP5K1y (Chen et al., 2012). The
enzymatic action of PIP5K1y is the major
source of phosphatidylinositol (4,5)-
bisphosphate [PtdIns(4,5)P,; also known as
PIP,] in airway smooth muscle. Therefore,
inhibition of PIP5K1y leads to a reduction in
PIP,, which results in a decrease in inositol
(1,4,5)-trisphosphate  [Ins(1,4,5)P5; also
known as IP3]-dependent calcium (Ca*)
release from the sarcoplasmic reticulum of
smooth muscle, because PIP; is the key
precursor for IP; generation. Thus, this
pathway might also represent a new
therapeutic target for severe-asthma-
associated AHR. Consistent with an
important role for integrins in AHR,
administration of an integrin-blocking
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peptide attenuated allergen-induced airway
smooth muscle hyperplasia and AHR, but
not airway inflammation or fibrosis, in a
guinea pig model of allergic asthma (Dekkers
et al, 2010). Collectively, these studies
suggest that therapeutic strategies targeting
integrin pathways might be effective in
reducing AHR in severe asthmatics.
Several additional non-inflammatory
pathways have been identified that might
participate in pauci-granulocytic forms of
severe asthma. ADAMS33, which was
identified as an asthma susceptibility gene in
a human genome-wide association study,
was initially proposed to have a role in airway
remodeling and AHR, based on its
expression in airway smooth muscle cells and
fibroblasts (Chen et al., 2006; Foley et al.,
2007; Van Eerdewegh et al., 2002). However,
studies using ADAM33-null mice showed
that ADAM33 is not involved in allergen-
induced AHR, airway inflammation or
mucous cell metaplasia (Chen et al., 2006).
Interestingly, TGFB2 induces shedding of
cell surface ADAM33, and high levels of
soluble ADAM33 have been found in BALF
from asthmatics (Puxeddu et al., 2008).
Furthermore, ADAMS33 has been shown to
possess pro-angiogenic activity, which
suggests that soluble ADAMS33 might
promote angiogenesis in the airway and
thereby contribute to airflow obstruction
independently of airway inflammation.
Ozone exposure has been shown to
acutely induce AHR in mice in the absence
of inflammation, via the production of a
vasoactive mediator, 20-HETE, which is not
suppressed by  pre-treatment  with
dexamethasone (Cooper et al., 2010). This
suggests a role for 20-HETE in ozone-
induced, neutrophil-independent AHR in
mice. Lastly, co-administration of poly-L-
lysine, which mimics the cationic protein of
inflammatory cells, and OVA leads to
exaggerated central airway constriction and
airway wall thickening in mice, ultimately
leading to death. This synergy between
increased smooth muscle shortening and
increased airway wall thickness could
represent a mechanism underlying the
pathophysiology  of  severe  asthma
exacerbations (Bates et al., 2008).

Bench to clinical trials: taking
forward new candidates for drug
development

An important goal of research using mouse
models of severe asthma is to identify
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currently unknown disease pathways and
mechanisms that can serve as targets for the
development of novel treatment approaches.
This review has highlighted how mouse
models have been used to accomplish this.
The next step is to assess the efficacy and
safety of promising candidates in clinical
trials. Clinical studies of severe asthmatics
have identified multiple subgroups with
distinct clinical or inflammatory phenotypes
that reflect different mechanisms of disease
pathogenesis. Therefore, new treatments that
specifically target immunological pathways,
such as Thl, Th2 and Thl7 immune
responses, or inflammatory phenotypes,
such as eosinophilic or neutrophilic
predominant asthma, will probably need to
be administered to individuals whose disease
pathogenesis is mediated by a specific
pathway, i.e. a personalized approach is
warranted. This strategy has already been
demonstrated in a subgroup of severe
asthmatics presenting with increased sputum
eosinophils: disease exacerbations were
significantly reduced by treatment with anti-
IL-5 monoclonal antibodies (Haldar et al.,
2009; Nair et al., 2009; Pavord et al., 2012).
The concept of using anti-IL-5 to treat
asthma was first investigated in animal
models in which anti-IL-5 antibodies were
shown to successfully reduce allergen-
induced airway eosinophilia (Chand et al.,
1992; Mauser et al., 1993; Van Oosterhout et
al,, 1993). Although 20 years have transpired
since these initial animal studies, the
administration of anti-IL-5 monoclonal
antibodies to severe asthmatics with an
eosinophil-predominant inflammatory
phenotype to reduce the frequency of disease
exacerbations has progressed to Phase III
clinical trials (Pavord et al., 2012). Similarly,
therapies aimed at inhibiting the Th2
cytokines IL-4 and IL-13 will probably need
to be targeted at severe asthmatics in whom
this pathway is active, which has been shown
to be ~50% of mild-to-moderate asthmatics
(Woodruff et al., 2009). In a recent clinical
trial, the anti-IL-13 monoclonal antibody
lebrikizumab ~ improved  the  pre-
bronchodilator FEV; (forced expiratory
volume in 1 second) only in the group of
poorly controlled asthmatics with a Th2
inflammatory phenotype (as indicated by
elevated serum periostin levels), which
represented 50% of the cohort (Corren et al.,
2011).

Alternatively, new therapeutic strategies
that globally suppress airway inflammation

Disease Models & Mechanisms

and remodeling and AHR or that reverse
steroid unresponsiveness could be widely
utilized among all severe asthmatics, without
the need to target a specific phenotype. An
example of this is provided by pro-resolution
lipid mediators, such as lipoxins, protectins
and resolvins, which were reported as being
able to attenuate disease severity in mouse
asthma models (Haworth et al., 2011;
Haworth et al., 2008; Levy et al., 2005; Levy
et al, 2002; Levy et al., 2007a; Levy et al.,
2007b). Lipoxin A4 (LXA,) is an eicosanoid
product that signals via LXA, receptors to
promote the resolution of cytokine-mediated
inflammation (Levy et al., 2002). An OVA-
challenged mouse model of experimental
asthma showed that systemic administration
of an LXA, analog blocks AHR, eosinophilic
airway inflammation and the production of
Th2 cytokines, IL-5 and IL-13. A role for
LXA; in human disease has also been
indicated: calcium-ionophore-treated whole
blood samples from severe asthmatic patients
exhibit reduced LXA4 production compared
with moderate asthmatics (Levy et al., 2005).
Recently, both NK cells and type 2 ILCs were
shown to express LXAy-binding receptors,
which mediate increased NK-cell-dependent
eosinophil apoptosis and reduced IL-13
release by ILCs (Barnig et al., 2013). These
studies demonstrate that impaired LXA4
biosynthesis might contribute to the
pathogenesis of severe asthma. Furthermore,
LXA, stable analogs have been shown to
block both allergic airway inflammation and
AHR in mouse models, thereby
demonstrating their potential utility for the
treatment of severe asthma (Levy et al,
2007b). Similarly, protectin D1 is an
endogenous lipid derived from docosa-
hexaenoic acid in the lung that attenuates the
induction of airway inflammation, mucous
cell metaplasia and AHR when administered
to OVA-challenged mice. The compound
can also promote the resolution of airway
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inflammation when given as a treatment
after aeroallergen challenge (Levy et al.,
2007a). Finally, resolvin E1 is an omega-3
fatty acid product that has been shown in
mouse models to promote resolution of
OVA-induced allergic airway inflammation,
mucous cell metaplasia and AHR by
attenuating 1L-23 and IL-6 production, as
well as Th17 cell differentiation and survival
(Haworth et al., 2008). Moreover, resolvin-
El-mediated resolution of OVA-induced
airway inflammation is dependent upon NK
cells that express CMKLRI1, a resolvin E1
receptor (Haworth et al.,, 2011). Collectively,
data from mouse models support a role for
lipoxins, protectins and resolvins, or their
analogs, as potential new treatment
approaches for severe asthma.

How close are we to solving the
clinical puzzle of severe asthma?
Many unanswered questions remain
regarding the pathogenesis and treatment of
severe asthma. These could be addressed by
additional research using mouse models. For
example, the majority of mouse models
utilize acute allergen challenges in relatively
youthful mice and therefore model early-
onset disease. Because many clinical asthma
phenotypes develop later in life, new mouse
models that reflect late-onset disease would
be very valuable. Moreover, the development
of new models that simulate the pauci-
granulocytic severe asthma phenotype and
focus on non-inflammatory mechanisms of
AHR and airway remodeling could identify
therapeutic targets that are relevant to these
manifestations of disease. Novel mouse
strains with enhanced phenotypic features of
severe asthma could be investigated using
genetic and genomic approaches, such as
linkage analysis and next-generation
sequencing, to identify additional candidate
genes and polymorphisms in known asthma-
associated genes. Mouse models could be

Clinical and basic research opportunities

® To conduct basic studies that further define the mechanisms mediating the pathogenesis of
severe asthma, particularly those phenotypes characterized by late onset, obesity, steroid-

unresponsiveness or non-inflammatory pathways.

® To conduct clinical studies that assess the effectiveness and safety of therapies targeting specific
immune responses (e.g. Th1, Th2 and Th17) or cell types (e.g. eosinophils, neutrophils, iINKT cells,
T2M cells, innate lymphoid cells) for the personalized treatment of severe asthma.

® To utilize mouse models to further characterize the pathogenic mechanisms of airway remodeling
and airway hyperresponsiveness in severe asthma.

® To develop non-atopic mouse models of severe asthma that facilitate the identification of

underlying mechanisms.
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used to further define the role of epigenetic
mechanisms and non-coding RNAs, such as
microRNAs and long noncoding RNAs
(IncRNAs). In addition, mouse models could
be exploited to further characterize the role
of genes and polymorphisms that have been
identified in genetic studies of severe
asthmatics. Therefore, we believe that the
strategy of asking clinically relevant questions
in animal models to identify currently
unknown mechanistic pathways that might
be targeted in the development of new
treatments remains an attractive and
productive research approach to solve the
clinical puzzle of severe asthma.

COMPETING INTERESTS
The authors declare that they do not have any
competing or financial interests.

FUNDING

This work was funded by the Division of Intramural
Research of the National Heart, Lung and Blood
Institute at the National Institutes of Health,
Bethesda, MD, USA.

REFERENCES

Anderson, G. P. (2008). Endotyping asthma: new
insights into key pathogenic mechanisms in a
complex, heterogeneous disease. Lancet 372, 1107-
1119.

Barlow, J. L., Bellosi, A., Hardman, C. S., Drynan, L. F,,
Wong, S. H., Cruickshank, J. P. and McKenzie, A. N.
(2012). Innate IL-13-producing nuocytes arise during
allergic lung inflammation and contribute to airways
hyperreactivity. J. Allergy Clin. Inmunol. 129, 191-198,
el-e4.

Barnes, P. J. (2008). The cytokine network in asthma
and chronic obstructive pulmonary disease. J. Clin.
Invest. 118, 3546-3556.

Barnes, P. J. (2011). Glucocorticosteroids: current and
future directions. Br. J. Pharmacol. 163, 29-43.

Barnig, C., Cernadas, M., Dutile, S., Liu, X., Perrella,
M. A., Kazani, S., Wechsler, M. E., Israel, E. and
Levy, B. D. (2013). Lipoxin A4 regulates natural killer
cell and type 2 innate lymphoid cell activation in
asthma. Sci. Transl. Med. 5, 174ra26.

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

Beavitt, S. J., Harder, K. W., Kemp, J. M., Jones, J.,
Quilici, C., Casagranda, F., Lam, E., Turner, D.,
Brennan, S., Sly, P. D. et al. (2005). Lyn-deficient mice
develop severe, persistent asthma: Lyn is a critical
negative regulator of Th2 immunity. J. Immunol. 175,
1867-1875.

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

Bousquet, J. and Khaltaev, N. (2007). Global
Surveillance, Prevention and Control of Chronic
Respiratory Diseases: A Comprehensive Approach.
Geneva: World Health Organization.

Bousquet, J., Mantzouranis, E., Cruz, A. A, Ait-
Khaled, N., Baena-Cagnani, C. E., Bleecker, E. R.,
Brightling, C. E., Burney, P., Bush, A., Busse, W. W.
et al. (2010). Uniform definition of asthma severity,

886

control, and exacerbations: document presented for
the World Health Organization Consultation on Severe
Asthma. J. Allergy Clin. Inmunol. 126, 926-938.

Butler, C. A., McQuaid, S., Taggart, C. C., Weldon, S.,
Carter, R., Skibinski, G., Warke, T. J., Choy, D. F.,
McGarvey, L. P, Bradding, P. et al. (2012).
Glucocorticoid receptor 3 and histone deacetylase 1
and 2 expression in the airways of severe asthma.
Thorax 67, 392-398.

Chand, N., Harrison, J. E., Rooney, S., Pillar, J.,
Jakubicki, R., Nolan, K., Diamantis, W. and Sofia, R.
D. (1992). Anti-IL-5 monoclonal antibody inhibits
allergic late phase bronchial eosinophilia in guinea
pigs: a therapeutic approach. Eur. J. Pharmacol. 211,
121-123.

Chang, Y. J., Kim, H. Y., Albacker, L. A., Baumgarth, N.,
McKenzie, A. N., Smith, D. E., Dekruyff, R. H. and
Umetsu, D. T. (2011). Innate lymphoid cells mediate
influenza-induced airway hyper-reactivity
independently of adaptive immunity. Nat. Immunol.
12, 631-638.

Chen, C., Huang, X. and Sheppard, D. (2006). ADAM33
is not essential for growth and development and does
not modulate allergic asthma in mice. Mol. Cell. Biol.
26, 6950-6956.

Chen, C., Kudo, M., Rutaganira, F., Takano, H., Lee, C.,
Atakilit, A., Robinett, K. S., Uede, T., Wolters, P. J.,
Shokat, K. M. et al. (2012). Integrin a9f1 in airway
smooth muscle suppresses exaggerated airway
narrowing. J. Clin. Invest. 122, 2916-2927.

Christensen, D. J., Ohkubo, N., Oddo, J., Van
Kanegan, M. J., Neil, J., Li, F., Colton, C. A. and
Vitek, M. P. (2011). Apolipoprotein E and peptide
mimetics modulate inflammation by binding the SET
protein and activating protein phosphatase 2A. J.
Immunol. 186, 2535-2542.

Cooper, P. R., Mesaros, A. C., Zhang, J., Christmas, P.,
Stark, C. M., Douaidy, K., Mittelman, M. A.,
Soberman, R. J., Blair, I. A. and Panettieri, R. A.
(2010). 20-HETE mediates ozone-induced, neutrophil-
independent airway hyper-responsiveness in mice.
PLoS ONE 5, e10235.

Corren, J., Lemanske, R. F., Hanania, N. A., Korenblat,
P.E., Parsey, M. V., Arron, J. R., Harris, J. M.,
Scheerens, H., Wy, L. C,, Su, Z. et al. (2011).
Lebrikizumab treatment in adults with asthma. N.
Engl. J. Med. 365, 1088-1098.

Dai, C., Yao, X., Keeran, K. J., Zywicke, G. J,, Qu, X.,
Yu, Z. X., Dagur, P. K., McCoy, J. P., Remaley, A. T.
and Levine, S. J. (2012). Apolipoprotein A-l
attenuates ovalbumin-induced neutrophilic airway
inflammation via a granulocyte colony-stimulating
factor-dependent mechanism. Am. J. Respir. Cell Mol.
Biol. 47, 186-195.

Dekkers, B. G., Bos, I. S., Gosens, R., Halayko, A. J.,
Zaagsma, J. and Meurs, H. (2010). The integrin-
blocking peptide RGDS inhibits airway smooth muscle
remodeling in a guinea pig model of allergic asthma.
Am. J. Respir. Crit. Care Med. 181, 556-565.

Essilfie, A. T., Simpson, J. L., Horvat, J. C., Preston, J.
A., Dunkley, M. L., Foster, P. S., Gibson, P. G. and
Hansbro, P. M. (2011). Haemophilus influenzae
infection drives IL-17-mediated neutrophilic allergic
airways disease. PLoS Pathog. 7, €1002244.

Essilfie, A. T., Simpson, J. L., Dunkley, M. L., Morgan,
L. C,, Oliver, B. G., Gibson, P. G., Foster, P. S. and
Hansbro, P. M. (2012). Combined Haemophilus
influenzae respiratory infection and allergic airways
disease drives chronic infection and features of
neutrophilic asthma. Thorax 67, 588-599.

Fahy, J. V. (2009). Eosinophilic and neutrophilic
inflammation in asthma: insights from clinical studies.
Proc. Am. Thorac. Soc. 6, 256-259.

Clinical puzzle of severe asthma

Fanta, C. H. (2009). Asthma. N. Engl. J. Med. 360, 1002-
1014.

Foley, S. C., Mogas, A. K., Olivenstein, R., Fiset, P. 0.,
Chakir, J., Bourbeau, J., Ernst, P., Lemiére, C,,
Martin, J. G. and Hamid, Q. (2007). Increased
expression of ADAM33 and ADAMB8 with disease
progression in asthma. J. Allergy Clin. Inmunol. 119,
863-871.

Grainge, C. L., Lau, L. C,, Ward, J. A,, Dulay, V., Lahiff,
G., Wilson, S., Holgate, S., Davies, D. E. and
Howarth, P. H. (2011). Effect of bronchoconstriction
on airway remodeling in asthma. N. Engl. J. Med. 364,
2006-2015.

Grausenburger, R,, Bilic, I., Boucheron, N., Zupkovitz,
G,, El-Housseiny, L., Tschismarov, R., Zhang, Y.,
Rembold, M., Gaisberger, M., Hartl, A. et al. (2010).
Conditional deletion of histone deacetylase 1in T
cells leads to enhanced airway inflammation and
increased Th2 cytokine production. J. Immunol. 185,
3489-3497.

Haldar, P, Pavord, I. D., Shaw, D. E., Berry, M. A.,
Thomas, M., Brightling, C. E., Wardlaw, A. J. and
Green, R. H. (2008). Cluster analysis and clinical
asthma phenotypes. Am. J. Respir. Crit. Care Med. 178,
218-224.

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

Hansen, G., Berry, G., DeKruyff, R. H. and Umetsu, D.
T. (1999). Allergen-specific Th1 cells fail to
counterbalance Th2 cell-induced airway
hyperreactivity but cause severe airway inflammation.
J. Clin. Invest. 103, 175-183.

Haworth, O., Cernadas, M., Yang, R., Serhan, C. N.
and Levy, B. D. (2008). Resolvin E1 regulates
interleukin 23, interferon-gamma and lipoxin A4 to
promote the resolution of allergic airway
inflammation. Nat. Immunol. 9, 873-879.

Haworth, O., Cernadas, M. and Levy, B. D. (2011). NK
cells are effectors for resolvin E1 in the timely
resolution of allergic airway inflammation. J. Immunol.
186, 6129-6135.

Hayashi, N., Yoshimoto, T., Izuhara, K., Matsui, K.,
Tanaka, T. and Nakanishi, K. (2007). T helper 1 cells
stimulated with ovalbumin and IL-18 induce airway
hyperresponsiveness and lung fibrosis by IFN-gamma
and IL-13 production. Proc. Natl. Acad. Sci. USA 104,
14765-14770.

Heaton, T., Rowe, J., Turner, S., Aalberse, R. C., de
Klerk, N., Suriyaarachchi, D., Serralha, M., Holt, B.
J., Hollams, E., Yerkovich, S. et al. (2005). An
immunoepidemiological approach to asthma:
identification of in-vitro T-cell response patterns
associated with different wheezing phenotypes in
children. Lancet 365, 142-149.

Hew, M., Bhavsar, P, Torrego, A., Meah, S., Khorasani,
N., Barnes, P. J., Adcock, I. and Chung, K. F. (2006).
Relative corticosteroid insensitivity of peripheral
blood mononuclear cells in severe asthma. Am. J.
Respir. Crit. Care Med. 174, 134-141.

Holgate, S. T. (2012). Innate and adaptive immune
responses in asthma. Nat. Med. 18, 673-683.

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

Kibe, A., Inoue, H., Fukuyama, S., Machida, K.,
Matsumoto, K., Koto, H., lkegami, T., Aizawa, H.
and Hara, N. (2003). Differential regulation by
glucocorticoid of interleukin-13-induced eosinophilia,

dmm.biologists.org



DMM

Disease Models & Mechanisms

Clinical puzzle of severe asthma

hyperresponsiveness, and goblet cell hyperplasia in
mouse airways. Am. J. Respir. Crit. Care Med. 167, 50-
56.

Kim, E. Y., Battaile, J. T,, Patel, A. C,, You, Y., Agapov,
E., Grayson, M. H., Benoit, L. A., Byers, D. E., Alevy,
Y., Tucker, J. et al. (2008). Persistent activation of an
innate immune response translates respiratory viral
infection into chronic lung disease. Nat. Med. 14, 633-
640.

Kim, H. Y., DeKruyff, R. H. and Umetsu, D. T. (2010).
The many paths to asthma: phenotype shaped by
innate and adaptive immunity. Nat. Inmunol. 11, 577-
584.

Kim, H. Y., Chang, Y. J., Subramanian, S., Lee, H. H.,
Albacker, L. A., Matangkasombut, P., Savage, P. B.,
McKenzie, A. N., Smith, D. E., Rottman, J. B. et al.
(2012). Innate lymphoid cells responding to IL-33
mediate airway hyperreactivity independently of
adaptive immunity. J. Allergy Clin. Immunol. 129, 216-
227, el-e6.

Kobayashi, Y., Mercado, N., Barnes, P. J. and Ito, K.
(2011). Defects of protein phosphatase 2A causes
corticosteroid insensitivity in severe asthma. PLoS ONE
6, €27627.

Kobayashi, M., Ashino, S., Shiohama, Y., Wakita, D.,
Kitamura, H. and Nishimura, T. (2012). IFN-y elevates
airway hyper-responsiveness via up-regulation of
neurokinin A/neurokinin-2 receptor signaling in a
severe asthma model. Eur. J. Immunol. 42, 393-402.

Kudo, M., Melton, A. C., Chen, C., Engler, M. B.,
Huang, K. E., Ren, X., Wang, Y., Bernstein, X., Li, J.
T., Atabai, K. et al. (2012). IL-17A produced by af T
cells drives airway hyper-responsiveness in mice and
enhances mouse and human airway smooth muscle
contraction. Nat. Med. 18, 547-554.

Lajoie, S., Lewkowich, I. P., Suzuki, Y., Clark, J. R.,
Sproles, A. A., Dienger, K., Budelsky, A. L. and
Wills-Karp, M. (2010). Complement-mediated
regulation of the IL-17A axis is a central genetic
determinant of the severity of experimental allergic
asthma. Nat. Immunol. 11, 928-935.

Levy, B. D., De Sanctis, G. T., Devchand, P. R., Kim, E.,
Ackerman, K., Schmidt, B. A., Szczeklik, W., Drazen,
J. M. and Serhan, C. N. (2002). Multi-pronged
inhibition of airway hyper-responsiveness and
inflammation by lipoxin A(4). Nat. Med. 8, 1018-1023.

Levy, B. D,, Bonnans, C,, Silverman, E. S., Palmer, L. J.,
Marigowda, G. and Israel, E. (2005). Diminished
lipoxin biosynthesis in severe asthma. Am. J. Respir.
Crit. Care Med. 172, 824-830.

Levy, B. D., Kohli, P, Gotlinger, K., Haworth, O., Hong,
S., Kazani, S., Israel, E., Haley, K. J. and Serhan, C.
N. (2007a). Protectin D1 is generated in asthma and
dampens airway inflammation and
hyperresponsiveness. J. Immunol. 178, 496-502.

Levy, B. D,, Lukacs, N. W., Berlin, A. A., Schmidt, B.,
Guilford, W. J., Serhan, C. N. and Parkinson, J. F.
(2007b). Lipoxin A4 stable analogs reduce allergic
airway responses via mechanisms distinct from CysLT1
receptor antagonism. FASEB J. 21, 3877-3884.

Li, J. J., Wang, W., Baines, K. J., Bowden, N. A.,
Hansbro, P. M., Gibson, P. G., Kumar, R. K., Foster, P.
S. and Yang, M. (2010a). IL-27/IFN-y induce MyD88-
dependent steroid-resistant airway
hyperresponsiveness by inhibiting glucocorticoid
signaling in macrophages. J. Immunol. 185, 4401-
4409.

Li, L. B., Leung, D. Y., Martin, R. J. and Goleva, E.
(2010b). Inhibition of histone deacetylase 2
expression by elevated glucocorticoid receptor beta
in steroid-resistant asthma. Am. J. Respir. Crit. Care Med.
182, 877-883.

Matangkasombut, P, Marigowda, G., Ervine, A., Idris,
L., Pichavant, M., Kim, H. Y., Yasumi, T., Wilson, S.

Disease Models & Mechanisms

B., DeKruyff, R. H., Faul, J. L. et al. (2009). Natural
killer T cells in the lungs of patients with asthma. J.
Allergy Clin. Inmunol. 123, 1181-1185.

Mauser, P. J., Pitman, A., Witt, A,, Fernandez, X.,
Zurcher, J., Kung, T., Jones, H., Watnick, A. S., Egan,
R. W., Kreutner, W. et al. (1993). Inhibitory effect of
the TRFK-5 anti-IL-5 antibody in a guinea pig model of
asthma. Am. Rev. Respir. Dis. 148, 1623-1627.

McKinley, L., Alcorn, J. F., Peterson, A., Dupont, R. B.,
Kapadia, S., Logar, A., Henry, A,, Irvin, C. G.,
Piganelli, J. D., Ray, A. et al. (2008). TH17 cells
mediate steroid-resistant airway inflammation and
airway hyperresponsiveness in mice. J. Immunol. 181,
4089-4097.

Medoff, B. D., Okamoto, Y., Leyton, P., Weng, M.,
Sandall, B. P,, Raher, M. J,, Kihara, S., Bloch, K. D.,
Libby, P. and Luster, A. D. (2009). Adiponectin
deficiency increases allergic airway inflammation and
pulmonary vascular remodeling. Am. J. Respir. Cell Mol.
Biol. 41, 397-406.

Meyer, E. H., Goya, S., Akbari, O., Berry, G. J., Savage,
P. B., Kronenberg, M., Nakayama, T., DeKruyff, R. H.
and Umetsu, D. T. (2006). Glycolipid activation of
invariant T cell receptor+ NK T cells is sufficient to
induce airway hyperreactivity independent of
conventional CD4+ T cells. Proc. Natl. Acad. Sci. USA
103, 2782-2787.

Miossec, P. and Kolls, J. K. (2012). Targeting IL-17 and
TH17 cells in chronic inflammation. Nat. Rev. Drug
Discov. 11, 763-776.

Moore, W. C., Bleecker, E. R., Curran-Everett, D.,
Erzurum, S. C,, Ameredes, B. T., Bacharier, L.,
Calhoun, W. J,, Castro, M., Chung, K. F., Clark, M. P.
et al.; National Heart, Lung, Blood Institute’s
Severe Asthma Research Program (2007).
Characterization of the severe asthma phenotype by
the National Heart, Lung, and Blood Institute’s Severe
Asthma Research Program. J. Allergy Clin. Immunol.
119, 405-413.

Moore, W. C., Meyers, D. A., Wenzel, S. E., Teague, W.
G., Li, H,, Li, X., D’Agostino, R., Jr, Castro, M.,
Curran-Everett, D., Fitzpatrick, A. M. et al.; National
Heart, Lung, and Blood Institute’s Severe Asthma
Research Program (2010). Identification of asthma
phenotypes using cluster analysis in the Severe
Asthma Research Program. Am. J. Respir. Crit. Care Med.
181, 315-323.

Nair, P., Pizzichini, M. M., Kjarsgaard, M., Inman, M.
D., Efthimiadis, A., Pizzichini, E., Hargreave, F. E.
and O’Byrne, P. M. (2009). Mepolizumab for
prednisone-dependent asthma with sputum
eosinophilia. N. Engl. J. Med. 360, 985-993.

Navab, M., Reddy, S. T., Van Lenten, B. J. and
Fogelman, A. M. (2011). HDL and cardiovascular
disease: atherogenic and atheroprotective
mechanisms. Nat. Rev. Cardiol. 8, 222-232.

Osei-Hwedieh, D. 0., Amar, M., Sviridov, D. and
Remaley, A. T. (2011). Apolipoprotein mimetic
peptides: Mechanisms of action as anti-atherogenic
agents. Pharmacol. Ther. 130, 83-91.

Pavord, I. D, Korn, S., Howarth, P., Bleecker, E. R.,
Buhl, R., Keene, O. N., Ortega, H. and Chanez, P.
(2012). Mepolizumab for severe eosinophilic asthma
(DREAM): a multicentre, double-blind, placebo-
controlled trial. Lancet 380, 651-659.

Petersen, B. C., Budelsky, A. L., Baptist, A. P,, Schaller,
M. A. and Lukacs, N. W. (2012). Interleukin-25
induces type 2 cytokine production in a steroid-
resistant interleukin-17RB+ myeloid population that
exacerbates asthmatic pathology. Nat. Med. 18, 751-758.

Préfontaine, D., Lajoie-Kadoch, S., Foley, S.,
Audusseauy, S., Olivenstein, R., Halayko, A. J.,
Lemiére, C., Martin, J. G. and Hamid, Q. (2009).
Increased expression of IL-33 in severe asthma:

CLINICAL PUZZLE

evidence of expression by airway smooth muscle
cells. J. Immunol. 183, 5094-5103.

Puxeddu, I, Pang, Y. Y., Harvey, A., Haitchi, H. M.,
Nicholas, B., Yoshisue, H., Ribatti, D., Clough, G.,
Powell, R. M., Murphy, G. et al. (2008). The soluble
form of a disintegrin and metalloprotease 33
promotes angiogenesis: implications for airway
remodeling in asthma. J. Allergy clin. Immunol. 121,
1400-1406, e1-e4.

Rangasamy, T., Guo, J., Mitzner, W. A., Roman, J.,
Singh, A., Fryer, A. D., Yamamoto, M., Kensler, T.
W., Tuder, R. M., Georas, S. N. et al. (2005).
Disruption of Nrf2 enhances susceptibility to severe
airway inflammation and asthma in mice. J. Exp. Med.
202, 47-59.

Reddel, H. K., Taylor, D. R., Bateman, E. D., Boulet, L.
P., Boushey, H. A, Busse, W. W., Casale, T. B.,
Chanez, P, Enright, P. L., Gibson, P. G. et al.;
American Thoracic Society/European Respiratory
Society Task Force on Asthma Control and
Exacerbations (2009). An official American Thoracic
Society/European Respiratory Society statement:
asthma control and exacerbations: standardizing
endpoints for clinical asthma trials and clinical
practice. Am. J. Respir. Crit. Care Med. 180, 59-99.

Shannon, J,, Ernst, P,, Yamauchi, Y., Olivenstein, R.,
Lemiere, C., Foley, S., Cicora, L., Ludwig, M., Hamid,
Q. and Martin, J. G. (2008). Differences in airway
cytokine profile in severe asthma compared to
moderate asthma. Chest 133, 420-426.

Shore, S. A. (2010). Obesity, airway
hyperresponsiveness, and inflammation. J. Appl.
Physiol. 108, 735-743.

Shore, S. A., Schwartzman, I. N., Mellema, M. S.,
Flynt, L., Imrich, A. and Johnston, R. A. (2005).
Effect of leptin on allergic airway responses in mice. J.
Allergy Clin. Immunol. 115, 103-109.

Shore, S. A, Terry, R. D., Flynt, L., Xu, A. and Hug, C.
(2006). Adiponectin attenuates allergen-induced
airway inflammation and hyperresponsiveness in
mice. J. Allergy Clin. Inmunol. 118, 389-395.

Simpson, J. L., Scott, R., Boyle, M. J. and Gibson, P. G.
(2006). Inflammatory subtypes in asthma: assessment
and identification using induced sputum. Respirology
11, 54-61.

Spits, H., Artis, D., Colonna, M., Diefenbach, A., Di
Santo, J. P, Eberl, G., Koyasu, S., Locksley, R. M.,
McKenzie, A. N., Mebius, R. E. et al. (2013). Innate
lymphoid cells — a proposal for uniform nomenclature.
Nat. Rev. Immunol. 13, 145-149.

Sugimoto, T., Ishikawa, Y., Yoshimoto, T., Hayashi, N.,
Fujimoto, J. and Nakanishi, K. (2004). Interleukin 18
acts on memory T helper cells type 1 to induce airway
inflammation and hyperresponsiveness in a naive
host mouse. J. Exp. Med. 199, 535-545.

Tachdjian, R., Mathias, C., Al Khatib, S., Bryce, P. J.,
Kim, H. S., Blaeser, F., O'Connor, B. D.,
Rzymkiewicz, D., Chen, A., Holtzman, M. J. et al.
(2009). Pathogenicity of a disease-associated human
IL-4 receptor allele in experimental asthma. J. Exp.
Med. 206, 2191-2204.

Tatler, A. L., John, A. E., Jolly, L., Habgood, A., Porte,
J., Brightling, C., Knox, A. J., Pang, L., Sheppard, D.,
Huang, X. et al. (2011). Integrin avB5-mediated TGF-f3
activation by airway smooth muscle cells in asthma. J.
Immunol. 187, 6094-6107.

Terashima, A., Watarai, H., Inoue, S., Sekine, E.,
Nakagawa, R., Hase, K., Iwamura, C., Nakajima, H.,
Nakayama, T. and Taniguchi, M. (2008). A novel
subset of mouse NKT cells bearing the IL-17 receptor
B responds to IL-25 and contributes to airway
hyperreactivity. J. Exp. Med. 205, 2727-2733.

Therien, A. G., Bernier, V., Weicker, S., Tawa, P.,
Falgueyret, J. P., Mathieu, M. C., Honsberger, J.,

887



DMM

Disease Models & Mechanisms

CLINICAL PUZZLE

Pomerleau, V., Robichaud, A., Stocco, R. 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.

Van Eerdewegh, P, Little, R. D., Dupuis, J., Del
Mastro, R. G., Falls, K., Simon, J., Torrey, D., Pandit,
S., McKenny, J., Braunschweiger, K. et al. (2002).
Association of the ADAM33 gene with asthma and
bronchial hyperresponsiveness. Nature 418, 426-430.

Van Oosterhout, A. J., Ladenius, A. R., Savelkoul, H.
F., Van Ark, 1., Delsman, K. C. and Nijkamp, F. P.
(1993). Effect of anti-IL-5 and IL-5 on airway
hyperreactivity and eosinophils in guinea pigs. Am.
Rev. Respir. Dis. 147, 548-552.

Wenzel, S. (2012a). Severe asthma: from characteristics
to phenotypes to endotypes. Clin. Exp. Allergy 42, 650-
658.

888

Wenzel, S. E. (2012b). Asthma phenotypes: the
evolution from clinical to molecular approaches. Nat.
Med. 18, 716-725.

Woodruff, P. G., Modrek, B., Choy, D. F,, Jia, G., Abbas,
A.R., Ellwanger, A, Koth, L. L., Arron, J. R. and
Fahy, J. V. (2009). T-helper type 2-driven inflammation
defines major subphenotypes of asthma. Am. J. Respir.
Crit. Care Med. 180, 388-395.

Yang, M., Kumar, R. K. and Foster, P. S. (2009).
Pathogenesis of steroid-resistant airway
hyperresponsiveness: interaction between IFN-
gamma and TLR4/MyD88 pathways. J. Immunol. 182,
5107-5115.

Yao, X., Fredriksson, K., Yu, Z. X., Xu, X.,
Raghavachari, N., Keeran, K. J., Zywicke, G. J.,
Kwak, M., Amar, M. J., Remaley, A. T. et al. (2010).
Apolipoprotein E negatively regulates house dust

Clinical puzzle of severe asthma

mite-induced asthma via a low-density lipoprotein
receptor-mediated pathway. Am. J. Respir. Crit. Care
Med. 182, 1228-1238.

Yao, X., Dai, C., Fredriksson, K., Dagur, P. K., McCoy, J.
P, Qu, X, Yu, Z. X., Keeran, K. J., Zywicke, G. J.,
Amar, M. J. A. et al. (2011a). 5A, an apolipoprotein
A-l mimetic peptide, attenuates the induction of
house dust mite-induced asthma. J. Immunol. 186,
576-583.

Yao, X., Remaley, A. T. and Levine, S. J. (2011b). New
kids on the block: the emerging role of
apolipoproteins in the pathogenesis and treatment of
asthma. Chest 140, 1048-1054.

Yu, M., Eckart, M. R., Morgan, A. A., Mukai, K., Butte,
A. J., Tsai, M. and Galli, S. J. (2011). Identification of
an IFN-y/mast cell axis in a mouse model of chronic
asthma. J. Clin. Invest. 121, 3133-3143.

dmm.biologists.org



	Bedside: a clinical perspective on severe asthma
	Box 1. Clinical terms
	Bedside to bench: using mouse models to identify new treatment
	Mouse models of steroid-unresponsive asthma
	Type 2 immune-mediated mechanisms in severe asthma pathogenesis
	IL-17-dependent, steroid-unresponsive neutrophilic airway inflammation in severe asthma
	Th1-dependent neutrophilic airway inflammation and AHR in severe asthma
	Mouse models of the obesity-related severe asthma phenotype
	Mouse models of the pauci-granulocytic asthma phenotype

	Box 2. Inflammatory and immune cells in asthma
	Case study
	Bench to clinical trials: taking forward new candidates for drug
	How close are we to solving the clinical puzzle of
	Clinical and basic research opportunities

