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ABSTRACT

Severe asthma has significant disease burden and
results in high healthcare costs. While existing therapies
are effective for the majority of asthma patients, treat-
ments for individuals with severe asthma are often inef-
fective. Mouse models are useful to identify
mechanisms underlying disease pathogenesis and for
the preclinical assessment of new therapies. In fact,
existing mouse models have contributed significantly to
our understanding of allergic/eosinophilic phenotypes
of asthma and facilitated the development of novel tar-
geted therapies (e.g. anti-IL-5 and anti-IgE). These
therapies are effective in relevant subsets of severe
asthma patients. Unfortunately, non-allergic/non-
eosinophilic asthma, steroid resistance and disease
exacerbation remain areas of unmet clinical need. No
mouse model encompasses all features of severe
asthma. However, mouse models can provide insight
into pathogenic pathways that are relevant to severe
asthma. In this review, as examples, we highlight mod-
els relevant to understanding steroid resistance, chronic
tissue remodelling and disease exacerbation. Although
these models highlight the complexity of the immune
pathways that may underlie severe asthma, they also
provide insight into new potential therapeutic
approaches.
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receptor; GRE, glucocorticoid response element; HDAC, histone

deacetylase; HDM, house dust mite; HRV1B, human rhinovirus

1B; IFN, interferon; Ig, immunoglobulin; IL, interleukin; iNOS,

inducible nitric oxide synthase; LABA, long-acting beta-agonist;

LPS, lipopolysaccharide; MAPK, mitogen-activated protein

kinase; MCP-1, monocyte chemoattractant protein 1; MIF/MMIF,

macrophage migration inhibitory factor; miR, microRNA; MMP,

matrix metalloproteinase; MyD88, myeloid differentiation

primary response gene 88; MΦ, tissue macrophage; NFκB,
nuclear factor kappa-B; OVA, ovalbumin; PBMC, peripheral

blood mononuclear cell; PDE, phosphodiesterase; PM10,

particulate matter <10 μm; PVM, pneumonia virus of mice; RSV,

respiratory syncytial virus; RV, rhinovirus; STAT6, signal

transducer and activator of transcription; TGF, transforming
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INTRODUCTION

Asthma symptom severity can be intrinsically mild,
moderate or severe, in the absence of treatment. How-
ever, even very severe symptoms can often be well con-
trolled by standard therapy. Disease severity, in turn, is
defined as the amount of treatment required for
asthma symptoms to be well controlled. Thus, indivi-
duals with mild-to-moderate asthma typically respond
well to treatment with inhaled corticosteroids and
long-acting beta-agonists (LABAs). However, a subset
of individuals has severe treatment-refractory asthma,
which fails to respond to these standard therapies.
These individuals require high-dose corticosteroids ‘to
prevent symptoms from becoming “uncontrolled”, or
have disease which remains “uncontrolled” despite this
therapy’.1 Individuals with severe asthma have
increased disease burden and risk of exacerbation,
compared to individuals with mild disease.
Reduced response to corticosteroid treatment is

termed steroid resistance or steroid insensitivity. Indivi-
duals with severe, steroid-resistant asthma continue to
experience symptoms despite ‘optimized’ therapy,
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although they may still gain some benefit from treat-
ment. Clinically, steroid-resistant disease typically man-
ifests with persistent neutrophilic airway inflammation
and elevated inflammatory mediators in the lung. Over
the long-term, steroid insensitivity and persistent
inflammation are likely to lead to exaggerated airway
remodelling. Unfortunately, these individuals also con-
tinue to experience the negative side effects of high-
dose corticosteroid therapy, including increased risk of
infections and long-term bone loss. Our understanding
of the disease mechanisms underlying severe asthma
remains incomplete, and as a result alternative treat-
ment options are limited for this patient population.
Animal models are useful tools for the study of path-

ological mechanisms underlying disease, and for pre-
clinical testing of new therapies. Studies on mouse
models have contributed significantly to our under-
standing of the role of atopy (e.g. IgE) and type-2
immune mechanisms (e.g. cluster of differentiation
(CD)4+ T helper (TH) 2 cells, IL-5, IL-13 and eosino-
phils) in the pathogenesis of allergic asthma (recently
reviewed in Foster et al. 2017).2 While a correlation
between these factors and asthma was recognized in
clinical studies, interventional studies in mouse models
provided the first functional evidence of their roles in
the immune mechanisms linked to asthma pathogene-
sis (e.g. IL-5 and3 IL-134; reviewed in Ref.5). Building
on the mechanistic insights gained collectively in ani-
mal models, targeted therapies are now available for
the treatment of severe allergic/eosinophilic asthma
(e.g. anti-IgE/omalizumab and anti-IL-5/
mepolizumab).6–8 Unfortunately, these therapies are
only effective for a subset of asthma patients. An
improved understanding of the mechanisms underlying
non-allergic/non-eosinophilic asthma, severe
treatment-refractory asthma and disease exacerbations
in particular is now required.
No mouse model encompasses all features of severe

asthma and there are obvious limitations to the use of
animals (Table 1; reviewed in Refs9,10). Mice live rela-
tively short lifespans, do not spontaneously develop
disease that resembles human asthma and have impor-
tant differences in lung structure. Furthermore, assess-
ment typically focuses on short-term models of acute
inflammation, with relatively little insight into long-
term tissue remodelling. These factors limit characteri-
zation of the ‘natural’ aetiology of asthma and the pro-
cesses involved in the progression to long-term chronic
disease, as it occurs in humans.
Furthermore, most current mouse models induce

type-2 inflammation, which is associated with allergic/
eosinophilic asthma in humans. These models typically
use chicken egg ovalbumin (OVA), the archetypal type
2-inducing antigen. Although OVA does not trigger
asthma in humans, it is a useful tool to study immune
and pathological features driven by allergic inflamma-
tion. Sensitization and subsequent challenge with OVA
in the lung induces hallmark features of allergic asthma,
including production of antigen-specific IgE, mucous
hypersecretion, airway hyperresponsiveness (AHR) and
eosinophilic infiltration. In long-term exposure models,
OVA challenges also induce features of airway wall
remodelling (e.g. thickening of the basement mem-
brane, fibrosis and epithelial cell hyperplasia and

hypertrophy). A growing number of studies are also
now employing clinically relevant allergens (e.g. house
dust mite (HDM), birch pollen extract, Aspergillus fumi-
gatus and ragweed) to induce type-2 inflammation.
Understanding the pathophysiological mechanisms

underpinning non-allergic and severe asthma is a
major area of unmet clinical need. Mouse models are
now being developed to obtain insights into relevant
disease pathways that mimic several key aspects of
non-allergic and severe asthma in humans. Collec-
tively, in this review, we will highlight data relevant to
the induction of steroid resistance, chronic tissue
remodelling and disease exacerbations.

STEROID RESISTANCE

A key feature of severe asthma is that it is, by defini-
tion, refractory to standard corticosteroid treatment.
While this is a recognized clinical feature of disease,
the underlying molecular and cellular mechanisms
mediating steroid resistance are varied and complex
(reviewed in Refs11,12).
At the molecular level, corticosteroids diffuse across

the plasma membrane, where they bind to glucocorti-
coid receptor alpha (GRα) and direct its translocation
into the nucleus. Steroid resistance can occur through
impaired glucocorticoid–GRα binding and reduced
nuclear translocation, as observed in peripheral blood
mononuclear cells (PBMCs) isolated from steroid-
resistant asthmatic patients.13 In the nucleus, activated
GRα binds to glucocorticoid response elements (GREs)
on DNA, in the promoter region of steroid-responsive
genes. GRα binding recruits co-activator/repressor
molecules, increasing expression of anti-inflammatory
genes and suppressing pro-inflammatory genes. Altered
gene expression occurs through DNA acetylation, which
can be altered in severe asthma (e.g. through reduced
histone deacetylase (HDAC) activity14). In severe
asthma, excessive activation of inflammatory pathways
may also impair GRα-mediated suppression
(e.g. through activation of the transcription factor AP-1,
which interacts with GR15,16). Furthermore, recruitment
of the p65 NFκB subunit to NFκB-dependent gene pro-
moters can be resistant to steroid inhibition in severe
asthma, as seen in isolated smooth muscle cells.17

Steroid-mediated gene regulation can be inhibited by
GRβ, an alternatively spliced form of GR that competes
for GRE binding.18 Increased GRβ expression has been
described in individuals with steroid-resistant
asthma,19,20 which may act as a dominant-negative reg-
ulator of steroid activation. Corticosteroids can also
mediate effects through other mechanisms, including
inhibition of mitogen-activated protein kinase (MAPK)
signalling21 and activation of pathways that destabilize
inflammatory cytokine mRNAs,22 which may be altered
in severe asthma. Pro-inflammatory responses by the
innate immune system, particularly in response to
pathogens, may also limit the efficacy of endogenous
and exogenous steroids, as this is a powerful natural
host defence response. In summary, there are numer-
ous mechanisms that can lead to glucocorticoid resist-
ance at the cellular level, via alterations at numerous
stages of glucocorticoid signalling.
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Corticosteroid treatment can affect the type of
inflammation present in the lung, while the type of
inflammation present can also modulate steroid
responsiveness. For example, corticosteroid exposure
can skew the TH1/TH2 balance,23 boosting TH2
responses, which are associated with allergic asthma.
Furthermore, corticosteroids typically promote produc-
tion of the anti-inflammatory cytokine IL-10 by regula-
tory T cells. However, in individuals with severe
asthma, steroid-induced IL-10 production by regulatory
T cells is reduced.24 IL-17-producing TH17 cells can
also be increased in severe asthma25 and IL-17 can
increase GRβ levels,26,27 which would inhibit GR signal-
ling. Macrophage migration inhibitory factor (MIF or
MMIF) is also increased in individuals with severe
asthma28 and appears to promote innate immune
responses through suppression of steroid-induced sig-
nalling pathways.29 Thus, steroid responsiveness at the
disease level depends on inflammatory profiles.
A number of mouse models exhibit steroid resist-

ance, following administration of recombinant cyto-
kines, transfer of immune cells or sensitization and
allergen challenge. Infection-induced exacerbation of
disease often also induces steroid resistance, as dis-
cussed later in this review.
Our research provides evidence that transfer of aller-

gen (OVA)-specific polarized TH1 cells and subsequent
challenge with both OVA and LPS were sufficient to
induce neutrophilia, macrophage activation and
steroid-resistant AHR.30 Notably, increased LPS expo-
sure levels are associated with asthma severity.31,32

However, transfer of TH2 polarized cells under the
same circumstances induced a steroid-sensitive eosino-
philic phenotype.30 Through interventional studies, we
provided evidence that development of steroid-
resistant AHR required pulmonary macrophages, the
LPS receptor toll-like receptor-4 (TLR4) and the down-
stream innate signalling molecule myeloid differentia-
tion primary response gene 88 (MyD88).30 Similarly,
adoptive transfer of OVA-specific TH17 cells and subse-
quent OVA challenge induced neutrophil accumulation
in the lung and AHR, which was resistant to dexameth-
asone treatment.33 Further, co-transfer of TH2 and
TH17 cells together induced steroid-resistant disease

with mixed eosinophilic/neutrophilic inflammation,
AHR and mucus hypersecretion.34 These findings in
mouse models demonstrate the key importance of TH
cell polarization in regulating the type of inflammation
in the lung, and provide evidence that TH1/ TH17-
skewed responses can induce steroid-resistant inflam-
matory and pathogenic pathways. T cell polarization
secondary to lung infection may also explain steroid
resistance observed in infection-induced exacerbation
models (described below). Thus, T cell responses and
the type of T cell-mediated inflammation in the lung
affect steroid responsiveness.
Further studies have highlighted key roles for innate

inflammatory pathways in steroid resistance. Interferon
γ (IFNγ) and LPS are critically involved in regulating
innate and adaptive non-allergic immune pathways
and increased levels of both molecules are linked to
severity of asthma. In a reductionist model to initially
identify potential pathophysiological roles of these
molecules, we demonstrated that administration of
recombinant IFNγ and LPS (concurrently but not
alone) into the lungs of mice induces steroid-resistant
AHR.35 This occurred through cooperative signalling
between IFNγ and LPS, which increased IL-27 produc-
tion from pulmonary macrophages.35 Administration of
recombinant IL-27 and IFNγ inhibited glucocorticoid-
dependent GR translocation in pulmonary
macrophages,35 a potential mechanism underlying clin-
ical steroid resistance. Thus, activation of pulmonary
macrophages by IFNγ and LPS results in the produc-
tion of IL-27, which together with IFNγ inhibits GR
translocation to the nucleus and results in steroid-
resistant airway inflammation and AHR.
In subsequent studies using the same model, we

demonstrated that microRNA-9 (miR-9) levels were
synergistically increased following IFNγ/LPS co-
exposure in isolated macrophages and lung tissue
in vivo.36 miRs regulate cellular function by inhibiting
mRNA translation and are important regulators of pul-
monary inflammatory responses.37 Of clinical rele-
vance, miR-9 expression levels were also increased in
sputum samples from neutrophilic steroid-resistant
asthmatic patients.36 Antagomir-mediated (antisense
oligonucleotide) inhibition of miR-9 function restored

Table 1 Some strengths and limitations of mouse models to study asthma

Strength Limitation

Readily manipulated to induce consistent disease pathology Do not spontaneously develop asthma or AHR

Allow interventional preclinical functional studies (e.g. gene

modification, antibody administration and drug treatment)

Differences in lung structure from humans

(e.g. limited airway muscle)

Well-characterized reagents and inbred mouse strains available

(e.g. OVA and HDM)

Limited breadth of allergens used to induce atopy

Similar genetic background (reduces variability and allows direct

comparison of treatment response)

Limited genetic diversity (fails to model

differences in outbred human population)

Well-established models of allergic/eosinophilic disease phenotypes Fewer models of non-allergic/neutrophilic

phenotypes or acute exacerbations

Access to tissues (e.g. total lung samples, lymph nodes and bone

marrow)

Relatively short lifespan, limits assessment of

long-term pathology

Allows for the spatiotemporal analysis of the pathogenesis of disease

initiation and progression

AHR, airway hyperresponsiveness; HDM, house dust mite; OVA, ovalbumin.
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GR nuclear translocation and thus steroid sensitivity in
isolated macrophages, and in several models of
steroid-resistant AHR.36

In further studies, we also directly targeted transcrip-
tional activation of pro-inflammatory genes involved in
the innate immune response. Administration of an
anti-inflammatory molecule (I-BET-762), which inhibits
transcriptional activation of inflammatory genes by
bromo- and extra-terminal (BET) proteins also pro-
tected from steroid-resistant AHR in this LPS/IFNγ-
induced model.38 Treatment with andrographolide, a
bioactive molecule with anti-inflammatory and antioxi-
dative properties, also restored dexamethasone sensi-
tivity in the same model.39 Andrographolide treatment
increased HDAC2 activity,39 which typically acts to sup-
press gene transcription. A key role for the inflamma-
tory cytokine TNFα was also recently demonstrated in
a model of steroid-resistant neutrophilic airway inflam-
mation induced by sensitization with complete
Freund’s adjuvant (CFA), where inhibition of TNFα
could restore steroid sensitivity.40 These findings pro-
vide support for key roles of innate immune inflamma-
tion in the development of steroid resistance.
Taken together, these studies provide evidence that

steroid resistance at the disease levels results from the
interplay between steroid resistance at the cellular level
and the local immune response (Fig. 1). Steroid resist-
ance is associated with increased TH1/TH17 responses
and activation of innate inflammatory pathways. Acti-
vation of pulmonary macrophages by inflammatory
cytokines serves as one mechanism that promotes
steroid-resistant inflammation and AHR. Furthermore,
pharmacological interventions that suppress transcrip-
tion or translation of pro-inflammatory cytokines may
be a novel therapeutic strategy to reduce steroid-
resistant inflammation or restore steroid
responsiveness.

CHRONIC INFLAMMATION AND
TISSUE REMODELLING

A key feature of asthma is the chronic nature of disease
and long-term tissue remodelling of the lung, including
fibrosis, goblet cell hyperplasia, smooth muscle thick-
ening and increased vascularization.41 Individuals with
severe asthma have increased tissue remodelling, com-
pared to individuals with mild-to-moderate disease.42–44

However, most animal models only assess acute lung
inflammation and tissue responses over a relatively
short time period. To determine the importance of
chronic inflammation and mechanisms underlying
long-term lung tissue remodelling, a number of chronic
challenge models have been developed (reviewed in
Refs45,46).
Several models have demonstrated links between

specific inflammatory molecules and tissue remodel-
ling by using transgenic overexpression. For example,
transgenic overexpression of both IL-5 and the eosin-
ophil chemokine eotaxin-2 induced spontaneous air-
way remodelling, associated with eosinophil
degranulation within the lung.47 In specific cases,
acute challenge can also cause severe disease with
features of tissue remodelling. In a recent report,

transfer of TH2 cells and lung stimulation with Blomia
mite protein allergen caused severe lung inflamma-
tion, through increased type-2 inflammation (IL-4
and IL-13).48 In this model, increased mucus hyperse-
cretion, tissue remodelling and severe inflammation
were observed.48

Most models use repeated chronic allergen chal-
lenges to induce tissue remodelling, which are charac-
terized by allergen-specific TH2 responses. Chronic
asthma models typically consist of an initial allergic
sensitization step, followed by repeated low-level aller-
gen exposure/challenge over an extended period of
time (up to 12 weeks) to induce chronic allergic
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Figure 1 Type-2 airway inflammation, innate immune and type-

1/17 activation and steroid-responsiveness. In established

allergic airway disease, TH2 cells expand and play a pivotal role

directing the local allergic inflammatory response, producing IL-

5 and IL-13. IL-5 promotes proliferation and differentiation of

Eos, while also enhancing CCL11-mediated Eo recruitment.

Bronchial epithelial cells produce cytokines, including IL-25 and

IL-33, at differing stages of disease. These processes are

typically responsive to steroid treatment. Exposure of the airway

epithelium and lung-resident AMs to pathogens results in innate

immune activation. This includes local pro-inflammatory

cytokine production (e.g. CCL2 and TNFα), which promote the

recruitment and activation of MΦ and induce steroid-resistant

inflammation and AHR. Production of chemokines also recruits

neutrophils into lung tissue and the airways. Innate immune

activation skews TH responses to a TH1 or TH17 phenotype, with

associated cytokine production (e.g. IFNγ or IL-17 production,

respectively) and steroid-resistant disease. Disease outcomes

are indicated in red. AHR, airway hyperresponsiveness; AM,

alveolar macrophage; CCL, C-C motif chemokine ligand (CCL2,

monocyte chemoattractant protein 1 (MCP-1); CCL11 ; eotaxin),

CXCL1, keratinocyte chemoattractant (KC); Eo, eosinophil; IFNγ,
interferon γ; iNOS, inducible nitric oxide synthase; MΦ, tissue

macrophage; Mo, monocyte; Neu, neutrophil; TH, T helper.
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inflammation. For example, we assessed the effects of
chronic allergen (OVA) exposure for 8 weeks on lung
inflammation, tissue remodelling and AHR.49 Repeated
low-dose allergen exposure caused low-grade eosino-
philic airway inflammation and AHR and key features
of airway remodelling including goblet cell hyperplasia,
epithelial thickening and subepithelial fibrosis.49 In this
model, CD4+ T cells were critical for disease, as deple-
tion of CD4+ T cells reduced AHR and features of air-
way remodelling.50 CD4+ T cell depletion also reduced
chronic inflammation, including reduced accumulation
of Ig-producing plasma cells.50 Notably, eosinophil
accumulation and eotaxin expression were unaffected
by CD4 depletion, indicating eosinophils are not
required in this model.50 The timing of CD4 depletion
may be critical, as depletion after allergen sensitization
protected from eosinophilic inflammation, but had no
effect on tissue remodelling.51 In other models, eosino-
phils appear to be required for airway remodelling,
with reduced matrix and collagen deposition observed
in eosinophil-deficient mice after an 8-week OVA-
challenge chronic model.52 The infiltration and activa-
tion of TH17 cells, which express IL-17A, can also pro-
mote tissue remodelling in chronic models,
independent of TH2 cells.53 Key roles have also been
demonstrated for mast cells (which bind IgE and medi-
ate downstream responses following allergen recogni-
tion)54 and macrophages (via bFGF and TFGβ1
expression)55 in chronic allergen-induced tissue remod-
elling. These findings highlight roles for TH cells and
innate immune cells (including macrophages, mast
cells and eosinophils) in tissue remodelling.
Key roles for individual TH2-associated cytokines in

tissue remodelling have also been reported. Using
gene-deficient animals, we demonstrated that airway
remodelling did not require IL-5 (or eosinophilia), but
did require IL-4.56 In contrast, anti-IL-5 antibody treat-
ment dampened inflammation and remodelling, but
had no effect on AHR.57 Using gene-deficient animals,
we also demonstrated a key role for IL-13 in both
eosinophil accumulation and airway remodelling, in
our chronic OVA challenge model.58 IL-13-deficient
(Il13−/−) mice had decreased eosinophilia and inflam-
matory cell infiltrate into the lungs and reduced airway
remodelling, compared with wild-type mice, although
AHR was still induced.58 Il4Ra−/− mice had normal
inflammatory responses and AHR, although some fea-
tures of airway remodelling (including epithelial
hypertrophy and mucus cell hyperplasia) were
reduced.58 Signal transducer and activator of transcrip-
tion 6 (STAT6) is a signalling molecule involved in
TH2-associated cytokine responses. STAT6−/− mice
developed comparable airway lesions to wild-type
mice and exaggerated AHR, while in contrast
Il4−/−Il13−/− mice had reduced eosinophil accumula-
tion, airway remodelling and absent AHR.59 Anti-IL-13
antibody treatment suppressed eosinophil accumula-
tion and partially suppressed airway remodelling, but
had limited effects on AHR.57 Similarly, anti-IL-13
treatment reduced inflammation, collagen deposition
and goblet cell upregulation when given therapeuti-
cally in an 8-week HDM-induced chronic model.60

These findings indicate a key role for type-2 inflamma-
tion (particularly IL-4 and IL-13) in long-term

allergen-induced tissue remodelling. The relevance of
IL-5 (and eosinophils) appears to depend on the spe-
cific disease context.
A number of therapeutic interventions have been

assessed in chronic asthma models (Table 2). We ini-
tially demonstrated that both roflumilast (a selective
phosphodiesterase 4 (PDE4) inhibitor) and dexameth-
asone reduced eosinophil infiltrates, inflammation,
subepithelial collagen deposition and epithelial thick-
ening, but only had minor effects on AHR.61 Dexa-
methasone also reduced goblet cell hyperplasia,
transforming growth factor (TGF)β1 expression and
activation of NFκB in the epithelium.61 Similarly, bude-
sonide treatment reduced AHR, inflammation, colla-
gen deposition and mucus production, with an
associated reduction in TGFβ signalling in a prolonged
challenge model.63 Pentoxifylline (a non-selective PDE
inhibitor) inhibited eosinophil accumulation and epi-
thelial thickening and significantly reduced AHR.61 In
a more recent follow-up study, we demonstrated that
chronic allergen exposure significantly induced TH2
cytokines and IFNγ (typically associated with TH1
responses) in airway wall cells, and that cytokine
expression was suppressed by dexamethasone treat-
ment.62 Treatment with roflumilast suppressed IL-17A,
TNFα, granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) and IL-6, but not other cytokines.62

Treatment with both drugs also suppressed TGFβ1 and
FGF-2.62 Anti-IFNγ antibody administration suppressed
AHR and accumulation of inflammatory cells, but had
no effect on eosinophils or tissue remodelling.57

Administration of the cysteinyl leukotriene receptor-1
antagonist, montelukast, reduced eosinophil infiltra-
tion, mucus plug formation, smooth muscle hyperpla-
sia and fibrosis in a 10-week chronic OVA model.64

Further, montelukast treatment reversed increases in
smooth muscle mass and subepithelial collagen depo-
sition, when administered after allergen cessation.65

Treatment with erlotinib, which blocks epidermal
growth factor receptor (EGFR) function, reduced AHR,
goblet cell metaplasia and airway smooth muscle
thickening, in a 9-week HDM challenge model.66

Reduced peribronchial fibrosis and total lung collagen,
but not mucus production, smooth muscle thickness
or AHR have also been reported in matrix metallopro-
teinase (MMP)9-deficient animals, following chronic
OVA challenge.67

These studies highlight the diverse interplay
between immune cells and inflammatory cytokines in
the regulation of inflammation, tissue remodelling and
AHR. While individual studies demonstrate reduced
tissue remodelling by targeting individual molecules,
there is significant redundancy in the mechanism driv-
ing pathogenesis. Combinations of treatments or
broad-spectrum anti-inflammatory approaches will
likely be required to reduce tissue remodelling in
chronic disease in the clinic. This may be accom-
plished by targeting inflammatory gene activation
(e.g. BET protein inhibition or blockade of key regula-
tory miRs) as discussed earlier; however, these
approaches have not yet been assessed in chronic dis-
ease models.
Several studies have also assessed the persistence of

airway remodelling after cessation of allergen exposure.
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When resolution was assessed for 4 weeks after
8 weeks of chronic allergen challenge, eosinophilic
inflammation and mucus cell hyperplasia rapidly
resolved.68 In contrast, resolution of subepithelial fibro-
sis and epithelial hypertrophy were delayed.68 Similarly,
after 7 weeks of repeated HDM challenge, inflamma-
tion rapidly resolved but features of tissue remodelling
remained.69 In a model that assessed differences
between acute and chronic (55 days) OVA challenge,
chronic inflammation increased matrix accumulation
in subepithelial and perivascular regions and increased
collagen deposition.70 This was associated with
increased IL-4, TGFβ and IFNγ during the chronic dis-
ease phase, while IL-13 levels subsided.70 In this model,
AHR subsided following cessation of allergen expo-
sure.70 These studies provide evidence that when anti-
gen exposure is withdrawn and allergic inflammation
resolves, some features of airway remodelling are
reversible. However, other features remain and alterna-
tive approaches will be required to restore lung struc-
ture to a healthy state. Chronic mouse models may be
useful for the assessment of novel therapeutic strate-
gies to accomplish this goal.

EXACERBATIONS OF ALLERGIC
AIRWAY DISEASE

Exacerbations are a significant contributor to disease
burden and healthcare costs for individuals with
severe asthma (reviewed in Ref.71). Exposure to high
levels of sensitizing allergen can trigger exacerba-
tions. However, this appears to be relatively uncom-
mon cause of severe exacerbations.72 Bacterial
infections including Haemophilus influenzae, Myco-
plasma pneumoniae and Chlamydia pneumoniae are
associated with disease exacerbations (reviewed in
Refs73–75). In particular, H. influenzae infection has
been linked to exacerbations and disease severity in
asthmatic patients.76 Respiratory viral infections are
also associated with exacerbations (reviewed in
Refs77–80). Rhinovirus (RV) is commonly detected dur-
ing acute exacerbations.81 In adult asthmatic patients,
respiratory syncytial virus (RSV) is detectable in a
subset of patients and associated with severe asthma
exacerbations.82 Furthermore, exposure to environ-
mental pollutants can trigger disease exacerba-
tions.83,84 Early-life respiratory infections (by bacteria

Table 2 Effects of therapeutic intervention in chronic asthma models. Key findings from highlighted studies are

provided

Intervention Disease outcomes

Roflumilast61,62 Reduced eosinophilic infiltrate

Reduced inflammation

Reduced subepithelial collagen deposition and epithelial thickening

Dampened IL-17A, TNFα, GM-CSF and IL-6 expression

Dampened TGFβ1 and FGF-2 expression

Minor effects on AHR

Pentoxifylline61 Reduced eosinophilic infiltrate

Reduced epithelial thickening

Reduced AHR

Dexamethasone61,62 Reduced eosinophilic infiltrate

Reduced inflammation

Reduced subepithelial collagen deposition, epithelial thickening and goblet cell hyperplasia

Reduced TGFβ1 expression and NFκB activation

Dampened TH2 cytokine and IFNγ expression

Dampened TGFβ1 and FGF-2 expression

Minor effects on AHR

Budesonide61 Reduced inflammation

Reduced subepithelial collagen deposition, epithelial thickening, mucus production

Reduced TGFβ signalling

Reduced AHR

Anti-IFNγ57 Reduced inflammatory cell infiltrate

Reduced AHR

No effect on eosinophils or tissue remodelling

Montelukast62,63 Reduced eosinophilic infiltrate

Reduced mucus plug formation

Reduced smooth muscle hyperplasia and fibrosis

Reversed smooth muscle mass increases and subepithelial collagen deposition (after allergen

cessation)

Erlotinib66 Reduced goblet cell metaplasia and airway smooth muscle thickening

Reduced AHR

AHR, airway hyperresponsiveness; erlotinib, epidermal growth factor receptor (EGFR) inhibitor; FGF, fibroblast growth factor; GM-

CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; montelukast, cysteinyl leukotriene receptor-1 antagonist;

NFκB, nuclear factor kappa-b; PDE, phosphodiesterase; pentoxifylline, a non-selective PDE inhibitor; roflumilast, selective PDE4 inhibi-

tor; TGF, transforming growth factor.
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and viruses) are also associated with the later devel-
opment of asthma.

Allergen-induced exacerbation
Most mouse models assess responses after allergen
sensitization and a varying number of allergen chal-
lenges to model allergic inflammation and subsequent
airway disease. These studies assess the effects of acute
allergen challenge, rather than allergen-induced
exacerbations of disease per se. Furthermore, models
using repeated low-level allergen challenge are typi-
cally described as models of chronic asthma
(as described above), rather than allergen-induced
exacerbation.
We provided the first report on the effects of a single

high dose of allergen in our chronic low-dose OVA
model described above. This ‘acute-on-chronic’ expo-
sure induces disease exacerbation, with increased tis-
sue inflammation and AHR.85 Importantly, features of
disease were steroid resistant and associated with neu-
trophilic inflammation.86 Disease exacerbation was
associated with decreased HDAC2 activity and
increased NFκB activity, which were not altered by cor-
ticosteroid treatment.86 Furthermore, innate inflamma-
tory molecules including TNFα, GM-CSF, IL-8 and
p21waf were also increased and not suppressed by cor-
ticosteroid treatment.86 Interestingly, AHR was undi-
minished in eosinophil-deficient dbl-GATA1 mice in
the same model, demonstrating that allergen-induced
exacerbations of AHR do not require eosinophils.85 In
contrast, alveolar macrophages played a key role in dis-
ease exacerbation, by enhancing CD4+ T cell cytokine
production.87 Thus, allergen exposure can induce dis-
ease exacerbations associated with increased innate
immune activation (including alveolar macrophages
and neutrophils) and increased inflammatory cytokine
production.

Pathogen-induced exacerbation

Viral
Several groups have used double-stranded RNA
(dsRNA) administration as a surrogate for virus infec-
tion. After chronic HDM challenge, dsRNA administra-
tion increased neutrophil and T-cell recruitment and
induced steroid-resistant inflammatory cytokine
production.88

Early-life infection with pneumonia virus of mice
(PVM) (a mouse model of RSV infection) in conjunc-
tion with allergen sensitization/challenge promoted
eosinophilic inflammation, allergen-specific IgE and
IgG and production of TH2 cytokines (IL-4, IL-5 and IL-
13).89 Furthermore, neonatal PVM infection induced
AHR and mucus cell hyperplasia, regardless of allergen
sensitization/challenge.89 Blocking either IL-4 or IL-25
suppressed features of TH2 inflammation, although
treatment had differing effects on disease outcomes.90

Anti-IL-4 prevented allergic inflammation and mucus
hypersecretion, without affecting tissue remodelling.90

Conversely, anti-IL-25 reduced remodelling, but had
no effect on tissue inflammation or mucus
hypersecretion.90

Exacerbations induced by RSV have also been
assessed in mouse models (although RSV replication in
mice is minimal). We recently reported that RSV infec-
tion after allergen (OVA) challenge exacerbates pro-
longed steroid-resistant AHR, but had no effect on TH2
responses.91 Instead, exacerbation required pulmonary
macrophage activation and expression of the pro-
inflammatory cytokine TNFα and the monocyte/macro-
phage chemokine CCL2.91 Anti-inflammatory treatment
with I-BET-762, which reduced inflammatory cytokine
production (including CCL2, keratinocyte chemoat-
tractant (KC)/CXCL1, IFNγ and IL-27), also protected
from exacerbation in this model.38 Other groups have
provided evidence that RSV infection can also exacer-
bate disease through increased IL-13 expression.92 Our
collaborators also recently demonstrated that RSV
infection-induced exacerbations increased miR-21
expression.93 Blocking miR-21 function restored steroid
sensitivity in this model and reduced AHR in the pres-
ence or absence of steroid treatment.93

A number of studies have also assessed RV-induced
exacerbations in mouse models. It is important to note
that due to species differences between human and
mouse, ‘major group’ RV virus cannot infect mouse
cells. Thus, most studies have used the minor group
human rhinovirus 1B (HRV1B). Interestingly, HRV1B
infection after allergen challenge augmented airway
inflammation, characterized by increased neutrophilic,
eosinophilic and lymphocytic airway inflammation and
TH1 and TH2 cytokine production.94,95 Further, HRV1B
infection in a preexisting allergic environment also exa-
cerbated AHR and mucus production.94,95 The mechan-
isms that underpin RV-induced exacerbations are not
well understood. Nevertheless, some studies have also
revealed roles for γδT cells, IL-25 and midline 1 in RV-
induced exacerbation models.96–98

A recent publication also demonstrated that influ-
enza (A/X31 H3N2) infection of HDM-sensitized mice
impaired lung function and increased mucus produc-
tion and innate immune lung inflammation.99 Exacer-
bation in this model was resistant to inhaled
corticosteroid treatment, but responded to either sys-
temic corticosteroid treatment or anti-IL-5 treatment.99

Interestingly, blocking miR-21 also suppressed
influenza-induced disease exacerbations, suggesting an
overlapping mechanism with RSV infection-induced
exacerbations.93

Together, these studies demonstrate that virus infec-
tion can exacerbate disease through potentiation of
preexisting type-2 immune responses or through acti-
vation of innate and/or type-1 inflammatory pathways.
Thus, the best intervention strategy to reduce virus
infection-induced exacerbation severity will likely
depend on the infection context and the preexisting
disease phenotype.

Bacterial
A number of models have assessed outcomes after
administration of the bacterial ligand LPS to mimic
bacterial lung colonization/infection. These studies
have revealed the importance of LPS dose and timing
on disease outcomes. Low-level inhaled LPS exposure
(0.1 μg) induced TH2 responses, while higher doses
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(100 μg) stimulated TH1 immune responses, respec-
tively.100 Repeated LPS administration alone induced
neutrophilic airway inflammation and AHR in the
absence of allergic sensitization.101 While LPS adminis-
tration during initial allergic sensitization was protec-
tive and inhibited allergen-induced type-2 airway
inflammation, LPS administration during allergen chal-
lenge increased TH1 cytokine responses and exacer-
bated disease.102 LPS administration during allergen
challenge also promoted mast cell activation and TH2
immune responses.103

A number of studies have demonstrated that bacte-
rial infection can induce disease exacerbation. Our col-
leagues demonstrated that early-life (but not adult)
Chlamydia muridarum infection exacerbated subse-
quent allergic airway responses and induced a mixed
TH1/TH2 response.104,105 When animals were allergen-
challenged after resolution of Chlamydia infection,
increased neutrophil accumulation and TH1/TH17-
associated gene expression were observed, along with
steroid-resistant AHR.93 This occurred despite reduced
eosinophil accumulation and reduced TH2 responses.93

Similar to observations in virus infection-induced exac-
erbation, miR-21 expression was also increased in this
model and blocking miR-21 reduced AHR.93 Chlamydia
lung infection during OVA sensitization and challenge
also increased neutrophilic inflammation and IFNγ
release,106 reminiscent of neutrophilic asthma.
Mycoplasma pneumoniae infection in the absence of

allergic sensitization also induced airway resistance and
neutrophilic lung inflammation.107 While M. pneumoniae
infection prior to allergen sensitization protected from
disease induction, infection after sensitization induced
IL-4 expression and exacerbated allergic disease.108

Haemophilus influenzae infection prior to allergen
sensitization resulted in chronic bacterial infection and
steroid resistant, neutrophilic airway disease.109 In an
exacerbation model, H. influenzae infection also
induced IL-17-dependent neutrophil accumulation in
the lung.110 Again, miR-21 was increased by
H. influenzae infection-induced exacerbation and
blocking miR-21 function reduced AHR in the presence
or absence of corticosteroid treatment.93

Similar to the findings for virus infection-induced
exacerbations, these studies demonstrate that bacterial
infection can exacerbate disease through potentiation
of type-2 inflammation or activation of innate and/or
type-1 pathways. Bacterial infection prior to allergic
sensitization often inhibits type-2 responses and can
protect from allergic disease. However, when preexist-
ing type-2 inflammation is already established, bacte-
rial infection leads to mixed TH1/TH2/TH17 activation,
increased neutrophilic inflammation and features of
steroid-resistant disease.

Fungal
Relatively few studies have assessed the effects of fun-
gal infection or exposure on exacerbation using mouse
models. Alternaria extract administration to chronically
challenged HDM-sensitized mice exacerbated disease
with increased AHR, immune lung infiltrate and a mix
of inflammatory and TH2 cytokine induction.111 Admin-
istration of A. fumigatus conidia to HDM-sensitized

mice also increased immune cell recruitment and
inflammatory cytokine levels in the lung.112

Environmental pollutant-induced

exacerbation
Several studies have demonstrated that environmental
pollutants can contribute to disease exacerbation in
mouse models. After OVA sensitization and chronic
challenge, concentrated ambient particle administra-
tion and ozone exposure increased AHR, through
increased arginase 1 activity,113 which is typically asso-
ciated with type-2 inflammation. Ozone exposure in
conjunction with fungal A. fumigatus antigen exposure
also increased inflammation and AHR, with increased
IL-5, GM-CSF and granulocyte CSF (G-CSF) protein
levels.114 Exposure to particulate matter <10 μm (PM10)
after chronic OVA challenge also increased allergic
type-2 lung inflammation, via an IL-33-dependent
mechanism.115 Furthermore, diesel exhaust particulate
exposure increased innate airway inflammation, mucus
secretion and AHR via a KC/CXCL1 and macrophage
inflammatory protein (MIP)-2/CXCL2-dependent
mechanism, in a cockroach antigen model.116 These
studies indicate that lung exposure to components of
environmental pollution can also modulate the local
inflammatory responses by potentiating type-2 inflam-
mation or increasing innate inflammatory responses,
which exacerbate preexisting allergic inflammation.

CONCLUSIONS

No single mouse model provides a comprehensive
model of severe asthma in the human. However, exist-
ing models can provide mechanistic insights into a
number of features of human disease. In this review,
we have provided an overview of findings relevant to
steroid resistance, tissue remodelling and disease
exacerbations. These studies demonstrate the complex-
ity of immune responses involved and the overlapping/
redundant mechanisms underlying different features of
disease (e.g. pulmonary macrophage activation in both
steroid resistance and exacerbation) (Fig. 2). Recurring
features include potentiation of pre-existing type-2
immune responses (e.g. increased TH2 activation, and
IL-4, IL-5 and IL-13 expression), altered T cell polariza-
tion (TH1/TH2/TH17), activation of innate immune
pathways (e.g. macrophage/neutrophil activation) and
chronic lung inflammation.
Activation of allergic inflammatory pathways and

type-2 immunity has been well characterized in asthma
pathogenesis and have led to current targeted thera-
pies. These interventions provide clinical benefit for
the subset of severe asthma patients with allergic/TH2-
driven disease. Mouse models are now providing evi-
dence for other pathways, which may be relevant for
the treatment of other severe asthma phenotypes. Fur-
thermore, mouse models provide evidence for why
current interventions (e.g. corticosteroids) are not
effective under certain conditions. Interventions target-
ing these disease pathways may improve treatment
responses to steroid therapy, limit or reverse tissue
remodelling and reduce disease exacerbations.
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