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SYNOPSIS
People with chronic lung diseases, such as asthma and chronic obstructive
pulmonary disease (COPD) are more susceptible to influenza A virus (IAV)
infections that subsequently exacerbate these diseases, leading to more severe
symptoms with increased risk of mortality. However, the immune mechanisms
driving the increased susceptibility of these patients to IAV infection and
consequent exacerbations are largely unknown. Current prevention options are
primarily vaccinations that have serious limitations including long manufacturing
processes, vaccine mismatches and inability to target all virus strains that also
undergo frequent mutations and recombination. Current anti-IAV treatments are
only effective if given within the first 48 h of infection. This is normally before
symptoms appear and are severe enough to present to a clinic or hospital.
Thus, there is an urgent need to develop novel effective therapies for the
management of IAV infections, particularly in patients with underlying
respiratory diseases. The primary objective of this PhD was to determine the
mechanisms responsible for increased susceptibility to IAV infection in asthma
and COPD, and understand how infection causes exacerbations. To accomplish
the aims of the study, we used established and developed novel mouse models
of IAV infection in experimental asthma (Ovalbumin (Ova)- and house dust mite
(HDM)-induced) and COPD.

Firstly, we found that Ova- and HDM-induced allergic airways disease (AAD)
increased susceptibility to IAV infection as evident by increased viral titre. In
addition, the infection exacerbated AAD with severe histopathology, increased
eosinophils, mucus hypersecretion, impaired antiviral responses, increased
collagen deposition around small airways, small airways epithelial thickening
and airway hyper-responsiveness (AHR). Also, an allergen rechallenge in
infected mice with AAD demonstrated an ongoing remodelling characterised by
excessive mucus and collagen production that are resistant to dexamethasone
treatment.

Secondly, to confirm whether production of IL-13, an important Th2 cytokine, is
a likely mechanism driving infection and exacerbating disease, we assessed the
xv

levels of IL-13 and its receptor, IL-13Rα1, in Ova-induced AAD lung tissues.
Non-infected allergic mice had AAD features that were associated with
increased protein levels of IL-13 compared to non-allergic controls. IAV infection
did not induce IL-13 in non-AAD mice, but further increased IL-13 levels in AAD.
IHC determined the localisation of IL-13Rα1 in lung tissues and showed its
increased expression in airway epithelium. We then used IL-13-reporter mice to
show that AAD with or without IAV infection induced IL-13 production
predominantly from IL-13+CD4+ T-cells and to a lesser extent from IL-13+ ILC2
cells but IAV infection alone induced high level of IL-13 production by IL-13+
NKT cells. Treatment of IAV infected mice with recombinant (r)IL-13 induced
severe histopathology, increased eosinophils, mucus hypersecretion and AHR.
Further, we identified the involvement of microRNA (miR)-21 in IL-13/IL-13Rα1induced susceptibility to IAV infection in experimental AAD. We found
significantly increased miR-21 expression in allergic mice, which was further
increased after IAV infection. ISH determined an increased localisation of miR21 expression to the airway epithelium. Also, rIL-13 treatment showed
increased miR-21 expression which was further increased after IAV infection.
Similar observations were found in HDM-induced AAD. To further assess the
role of IL-13 in susceptibility to IAV in AAD, we used mice deficient in IL-13 (IL13-/- mice). A significant decrease in viral titre, lung tissue inflammation and
transpulmonary resistance was observed in infected IL-13-/- compared to
infected WT mice. Infected IL-13-/- mice also demonstrated reduced miR-21
expression compared with infected WT mice. These observations clearly
indicate that the absence of IL-13 during IAV infection improved disease
features. Using IL-13-specific monoclonal antibody (Anti-IL-13), we showed that
inhibition of IL-13 signalling protected mice against infection and reduced the
severity of IAV infection-induced exacerbations of AAD. This was shown by
reduced viral titres, tissue inflammation, eosinophil counts, mucus secreting
cells (MSCs) and transpulmonary resistance, IL-13 and IL-13Rα1 mRNA
expression in Anti-IL-13-treated groups compared to isotype-treated controls.
Further, anti-IL13-treated infected non-allergic mice also had significantly
reduced miR-21 expression compared to controls, whilst similar levels of
expression were observed in both anti-IL-13-treated and isotype-treated
xvi

infected mice with AAD. We also assessed the effects of corticosteroid
(dexamethasone) on IAV infection and exacerbations of AAD. We found that the
disease features in Ova-induced AAD mice with IAV infection were steroidinsensitive. miR-21 may promote PI3K activity and we found that anti-miR-21
(Ant-21) significantly reduced viral titres, tissue inflammation, numbers of MSCs
and tissue eosinophils in AAD with IAV infection. However, Ant-21 treatment did
not suppress AHR in Ova-induced AAD with IAV infection. PI3K inhibition using
a pan-inhibitor (LY294002) had similar effects and reduced viral titres and
features of asthma.

The association of IL-13 with COPD is not well understood. We demonstrated
that IAV infection in experimental COPD increased the expression of IL-13Rα1
in the airway epithelium of COPD mice compared to non-infected normal airexposed mice. Surprisingly, infected normal air-exposed mice and infected mice
with had further substantial increases in IL-13Rα1 levels in the airway
epithelium. To further identify the mechanisms involved downstream of IL13Rα1, miR-21 expression was measured in the lung sections and observed to
be increased in response to IAV infection in experimental COPD. We also
observed a significant increase in the numbers of MSCs in infected mice with
COPD compared to COPD alone. We found that inhibiting IL-13 using Anti-IL13 reduced viral replication and severity of IAV infection in experimental COPD.
This reduction was accompanied by significantly reduced tissue inflammation,
numbers of MSCs and miR-21 expression in infected mice with COPD. We next
demonstrated that treatment with Ant-21 protected mice against IAV infection in
experimental COPD as assessed by significant reductions in viral titre, tissue
inflammation, numbers of MSCs and miR-21 expression.

Thirdly, we demonstrated that targeting miR125 a and b with specific
antagomirs

reduced

IAV-mediated

inflammation

and

reversed

immune

signalling abnormalities in COPD. We also observed that COPD pBECs and
mice with experimental COPD infected with IAV had higher levels of
inflammatory cytokines, reduced antiviral responses and increased levels of
miR-125 a and b. The study discovered that the mechanism underlying
xvii

excessive inflammation and increased susceptibility to IAV infection in COPD
was facilitated by a miR-125-mediated pathway that reduced A20 (negative
regulator of NF-κB) and MAVS proteins.

In conclusion, this is the first study to define the functional relevance of IAV
infection-induced activation and maintenance of novel IL-13/IL-13Rα1/miR-21
and IL-13Rα1/miR-21 axes in AAD and COPD, respectively. Our data identified
promising therapeutic interventions for increased susceptibility to IAV infection
in AAD (anti-IL-13, Ant-21 and PI3K inhibitors) and COPD (anti-IL-13, Ant-21,
Ant-125 a and b) which supressed various key features of the respective airway
disease. While we show promising findings experimentally, we have yet to
explore some of these findings in clinical settings. This would be the next critical
step to translate these promising findings from bench to bedside. The models
used and developed in this study have clear utility in identifying new and
effective therapeutic interventions and are well suited for in vivo studies
investigating modulation of immune responses in exacerbation-induced
expression of various cytokines and corticosteroid insensitivity.
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CHAPTER 1
INTRODUCTION
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Dua, K., Hansbro, N.G, Hansbro, P.M. (2017). "Steroid resistance and
concomitant respiratory Infections: a challenging battle in pulmonary clinic."
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•

Hansbro, P. M., R. Y. Kim, M. R. Starkey, C. Donovan, K. Dua, J. R. Mayall, G.
Liu, N. G. Hansbro, J. L. Simpson and L. G. Wood (2017). "Mechanisms and
treatments for severe, steroid‐resistant allergic airway disease and asthma."
Immunological Reviews 278(1): 41-62.
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1.1. ASTHMA
Asthma is a chronic inflammatory disease of the airways characterised by
cellular filtration and by accompanying increases in the sensitivity and response
to contractile agents termed airway hyper-responsiveness (AHR) and to
allergen exposure[1, 2]. The global prevalence of asthma is increasing[3, 4] and
the symptoms are often inadequately controlled[5]. The main clinical features
include breathlessness and chest congestion. These symptoms commence due
to airway inflammation, mucus over production and increased contraction of
airway smooth muscle, a phenomenon termed AHR. Allergic asthma is
considered to be a T-helper 2 cell (Th2)-mediated inflammatory disease that
develops due to abnormal immune responses to otherwise innocuous allergens.
The disease features are exacerbated acutely that are typically induced by
respiratory viral infections[6]. Influenza A virus (IAV) is an important respiratory
virus that induces severe exacerbations of asthma[7].

1.1.1. Epidemiology of asthma
Recent reports from the World Health Organisation (WHO) suggest that greater
than three hundred million people worldwide suffer from asthma, which has a
significant impact on healthcare expenditure. It is prevalent across all age
groups, however the highest rates are in children. By 2025, an additional 100
million people are predicted to be diagnosed with this disease [3]. In the United
States the annual expenditure on asthma ranges between USD $3.6 and $8
billion (approx. AUD $3.8 and $8.5 billion) respectively, where half of these
costs are due to hospitalisations[8].

In 2014-15, 10.8% of Australians (2.5 million people) had clinical diagnosis of
asthma. The prevalence of asthma has increased about 9.9% since 2007-08.
The rate of asthma among Indigenous Australians is almost twice as high as
that of non-Indigenous Australians. This is even more marked in the older adult
age group[9, 10]. Overall, females had higher rates of asthma than males in
2014-15 (11.8% compared with 9.8%). However, asthma was more common
amongst boys aged 0-14 years (12.4%) than girls (9.6%), with this pattern being
consistent since 2001. The total number of reported deaths due to asthma was
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378 in 2011 where the highest proportion of cases comprised of elderly
people[11].

The annual global economic cost of asthma including direct medical costs from
hospital stays and indirect costs, such as lost school and work days amounts to
more than $56 billion dollars annually[12]. In Australia, asthma results in 54,000
hospitalisations annually, and has healthcare costs over $693 million, which
accounts for approximately 1.4% of the total national healthcare expenditure[3,
13, 14]. Based on current worldwide trends, by 2025 there will be an additional
100 million asthma patients causing further healthcare and economic
burdens[15].

1.1.2. Pathophysiology of asthma
Asthma had been typically considered an allergic condition demonstrating
increased eosinophil counts, however not all patients have allergic asthma.
However, it is now recognised to be a heterogeneous complex inflammatory
airway disease involving a combination of genetic and environmental
interactions that culminate with various inflammatory subtypes identified on the
basis of differential cell counts in induced or spontaneous sputum samples[16].
A simple classification of asthma includes eosinophilic asthma (EA) and noneosinophilic asthma (NEA). However, Simpson et al., reported that four distinct
inflammatory subtypes of asthma occur namely eosinophilic, neutrophilic,
paucigranulocytic and mixed granulocytic identified on the basis of differential
cell count in the airways[16]. The heterogeneity of the disease is one of the
prime reasons attributed to why all patients respond differently to treatment. In
clinical practice, identifying these phenotypes may be of significance particularly
for individualised asthma management especially in steroid-resistant severe
asthma[17].

The major clinical symptoms of asthma include wheezing, breathlessness,
dyspnea and cough. These symptoms result from airway inflammation due to
the influx of T-lymphocytes, neutrophils, macrophages, eosinophils and mast
cells. This continuous process of inflammatory cells influx leads to process of
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tissue damage and repair that result in AHR, dysfunctional neuroregulation and
airway remodelling. Airway remodelling is characterised by various structural
changes including thickening of airways, collagen deposition around the
airways, airway smooth muscle cell hypertrophy, blood vessel proliferation and
mucus secreting cells (MSCs) metaplasia[18-20] (Figure 1.1). Collectively these
events lead to progressive loss of lung function[21] which is not fully reversible
by current therapies[22]. Collectively, these symptoms may result in
hospitalisation and in severe cases death due to asphyxiation[23].

The development and progression of mild to moderate allergic asthma is
primarily considered to be due to the actions of activated mast cells, eosinophils
and Th2 lymphocytes upon exposure to allergens[24, 25]. Multiple genes have
been identified that have been linked to increased susceptibility to asthma
including ADAM metallopeptidase domain 33 (ADAM33), PHD finger protein 11
(PHF11) and dipeptidyl peptidase like 10 (DPP10)[26-28].

Environmental factors, such as exposure to air pollutants and allergens are
important triggers of asthma exacerbations[29].

1.1.3. Immunology of asthma
In asthma, various immunological mechanisms occur as a consequence of
exposure to common aero-allergens, like house dust mite (HDM), plant pollens,
animal and fungal antigens, air pollutants and animal dander. Mild to moderate
allergic asthma is strongly linked to CD4+ Th2 cells, eosinophils and mast cells
and when these cells are activated they release range of a pro-inflammatory
and pro-fibrotic mediators which induce AHR, airway re-modelling and MSC
metaplasia[30, 31] (Figure 1.2). Neutrophils are also recruited into the airways
after either allergen exposure or injury, and are prominent in more severe,
steroid-resistant form of asthma and in COPD. These cells can produce a wide
range of products including lipids (LTB4, PAF, TXA2, LTA4), cytokines (IL-1β,
IL-6,

IL-8,

microbicidal

TNFα,

TGFβ),

products

proteases

(lactoferrin,

(elastase,

MPO,

collagenase,

lysozyme),

reactive

MMP-9),
oxygen

intermediates (superoxide, H2O2, OH−) and nitric oxide [32].
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Figure 1.1. Clinical features of asthma.
Asthma is an allergic airway disease characterised by allergic airway
inflammation, thickening of airways along with the hypersecretion of mucus that
lead to narrowing of the airways which cause and interference with the airflow.
Response to exposure to factors such as allergens, viruses and irritants cause
exacerbations of the existing disease. Adapted from[30, 33, 34].
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The airway epithelium constitutes the first physical, chemical, and immunologic
barrier to inhaled agents. Epithelial cells express pattern recognition receptors,
integrate information from many receptors simultaneously, and bridge the innate
and adaptive immune system through the release of chemokines and cytokines.
Evidence is accumulating that epithelial-derived type-2 alarmins, IL-25, IL-33,
and TSLP, orchestrate many of the pathologic responses to inhaled noxious
agents, particularly allergens, observed in asthma. TSLP, in particular, has
been shown to be necessary for the persistence of eosinophilic inflammation
and elevated levels of exhaled nitric oxide in subjects with mild allergic asthma,
and allergen-induced increases in these inflammatory biomarkers (Figure 1.2)
[35].

The immunological mechanisms of how asthma is initiated after an exposure to
allergens such as plant pollens, animal and fungal antigens, house dust mite
(HDM), and air pollutants involves hypersensitivity reactions and increases in
the levels of immunoglobulin (Ig)E antibodies in serum. Prior to the initiation of
IgE synthesis, antigens are recognised by DCs which act as antigen presenting
cells (APCs) in the airways. They migrate to the draining lymph nodes of the
lungs where the processed antigens are presented to T and B cells[36]. B-cells
are activated resulting in the production of cytokines which promotes switching
of antibody release from IgG to IgE. IgE antibodies encounter Fc epsilon
receptor I (FcεRI) formating cross-linked IgE-FcεRI complexes that leads to
activation of mast cells. This results in the production of mediators, such as
histamine and prostaglandins, which play important roles in vascular leakage
and subsequent pulmonary infiltration of inflammatory cells and oedema. Also,
naïve CD4 T cells polarise to become Th2 effector cells[36-38]. Th2 cells
produce various Th2 cytokines such as IL-4, IL-5 and IL-13 that lead to goblet
cell hyperplasia/metaplasia, recruitment and infiltration of eosinophils in
airways, increase matrix metalloproteinase activity and AHR [39-41] (Figure
1.3).

6

Figure 1.2. The role of Th2 cells and cytokines in the pathogenesis of
asthma.
Dendritic cells, epithelial cells and other innate immune cells present in the
extra cellular environment produce various Th2 inducing cytokines (IL-4, IL-25,
IL-33, GM-CSF and thymic stromal lymphopoietin (TSLP)) which induce Th2
cell differentiation, recruitment and activation. Activated Th-2 cells secrete Th-2
cytokines (IL-4, IL-5, IL-9, IL-13 and GM-CSF) which promote IgE production
and eosinophil and mast cells recruitment. Th-2 cytokines and other proinflammatory mediators lead to the pathological features of asthma. Adapted
from reference[42].
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Figure 1.3. The role of dendritic cells in the pathogenesis of asthma.
Allergens and other foreign matter in the airways are taken up by dendritic cells
(DCs), which act as antigen presenting cells (APCs). Subsequently, the APCs
migrate to the draining lymph nodes where they interact with the naïve T-cells.
DCs regulate the differentiation of T cells into unresponsive T cells or
responsive (Th1/Th2) effector cells. The activation of DCs takes place when
they receive danger signals provided by inhaled pathogens like viruses, bacteria
or fungi or derived indirectly from pathogens (LPS, peptidoglycan etc.).
Activated effector T-cells migrate back to the site of allergen entrance and in
case of second encounter with allergens, local DCs activates the effector cells
to secrete their cytokines. Th2 cells mainly produce IL-4, IL-5 and IL-13 which
are important in regulating various pathological features that lead to goblet cell
hyperplasia, recruitment of eosinophils, increase matrix metalloproteinase
activity and bronchial hyperactivity. Adapted from reference[41].
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Another player that has recently been shown to exist in the lungs and have a
role in the pathophysiology of asthma and allergic inflammation are group 2
innate lymphoid cells (ILC2s). ILC2s are rapid and potent producers of the type
2 cytokines IL-5 and IL-13 upon stimulation by epithelial cell-derived cytokines.
These cells require the transcription factor retinoic acid receptor–related orphan
receptor (ROR)-α and the transcription factor Gata3. ILC2s have been shown to
mediate eosinophilia and goblet cell hyperplasia, which are critical for allergic
diseases and asthma. ILC2 were shown to accumulate in the lungs of mice after
infection with IAV, via an IL-33 dependent mechanism. These ILC2 induced
AHR through IL-13 secretion and also restored airway epithelial integrity and
lung function and contributed to airway remodeling by the production of
amphiregulin[43]. In addition to asthma, ILC2s were found in nasal polyps of
patients with chronic rhinitis, another classical Th2-driven disease[44].

1.1.4. Role of IL-13 in Asthma
IL-13 is a Th2-associated cytokine which is produced mainly by Th2-polarised
CD4+ T cells and it regulates allergic inflammatory immune responses in
asthma[45, 46]. Recent investigations have also shown that natural killer T
cells, mast cells, basophils, eosinophils and innate lymphoid cells are important
sources of IL-13 during allergic responses[89-92]. It has been shown in-vitro
that IL-13 regulates the differentiation of epithelial cells, production of mucus
and extra cellular matrix proteins as well as the contractility of airway smooth
muscle[46].

Asthmatics lung specimens and broncho-alveolar lavage (BAL) cells have been
shown to increase the expression of IL-13 compared to non-asthmatics[47, 48].
IL-13 levels are reduced in the patients that receive allergen desensitisation
treatment[49] or steroid treatment[50]. Besides, various studies have reported
an increase in IL-13 levels upon allergen challenge. Baumann and his
colleagues found pronounced levels of IL-13 in nasal secretions 5h after
allergen-challenge in allergic rhinitis patients compared with a challenge control
cohort[51]. Huang et al., also demonstrated significant increases in both IL-13
transcripts and secreted proteins in the allergen-challenged BAL compared with
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the saline-challenged control sites of asthmatic and rhinitic patients. However,
this study did not detect the expression of IL-13 transcripts in the BAL of normal
subjects challenged with the same dose of allergen[52]. Furthermore, Kroegel
and colleagues demonstrated active secretion of IL-13 during the late asthmatic
response in mild asthmatic subjects following local allergen exposure [53].
IL-13 binds to the IL-13 receptor, comprising of IL-13Rα1 and IL-4Rα[54].
Receptor engagement leads to the phosphorylation of JAK, and the
phosphorylation and dimerization of STAT6. pSTAT6 then translocates to the
nucleus where, genes encoding IgE, eotaxin and vascular cell adhesion
molecules are transcribed. This leads to inflammation of the airways, increased
production of mucus and AHR. Alternatively, IL-13 may also interact with IL13Rα2 which may function as a decoy receptor or as an active membrane
receptor (Figure 1.4)[55-61].
IL-13Rα1, previously called NR4, IL-13Rα and IL-13Rα′, is a member of
haemopoietin receptor family and was cloned based on its conserved WSXWS
motif[62-65]. Wills-Karp et al., found that administration of IL-13 was sufficient to
induce AHR, which is found in allergic asthma[66]. Munitz et.al., reported that
IL-13Rα1 is essential for baseline IgE production, but Th2 and IgE responses to
T cell-dependent antigens are IL-13Rα1-independent. Furthermore, they also
demonstrated that increased airway resistance, mucus, TGF-β, and eotaxin(s)
production, but not cellular infiltration, were critically dependent on IL13Rα1[67]. Similarly, Myrtek and colleagues showed that the expression of the
IL-13Rα1-subunit on peripheral blood eosinophils is regulated by a network of
cytokines[68].
IL-13Rα1 had been identified to be required for aeroallergen-induced airway
resistance. Also, allergen-induced chemokine production and consequent
eosinophilia is dictated by the balance between IL-4 and IL-13 production in
situ[69]. IL-13Rα1 has also been reported to mediate protective effects in lung
injury and subsequent repair in response to bleomycin[70].
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Figure 1.4. Role of IL-13 in asthma.
IL-13 binds to the IL-13 receptor, comprising of IL-13Rα1 and IL-4Rα. Receptor
engagement leads to the phosphorylation of JAK, and the phosphorylation and
dimerization of STAT6. pSTAT6 then translocates to the nucleus where genes
encoding IgE, eotaxin and vascular cell adhesion molecules are transcribed.
This leads to inflammation of the airways, increased production of mucus and
AHR. Alternatively, IL-13 may also interact with IL-13Rα2 which may function as
a decoy receptor or as an active membrane receptor.
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An in-depth study demonstrated that IL-13Rα1 subunit gene -281T>G and
1365A>G polymorphisms do not contribute to asthma susceptibility or severity,
although the IL-13Rα1 subunit gene locus might be involved in the control of
IgE production[54].
A recent study using IL-13Rα1-/- mice showed that these mice are protected
from Schistosoma mansoni egg antigen-induced mucus hypersecretion and
AHR[71]. IL-13Rα1 expression has been observed on human CD4+ Th17 cells
and demonstrated to attenuate IL-17A production[72]. A study conducted in
India highlighted the importance of IL13Rα1 + 1398A/G polymorphism in posing
a significant risk toward asthma in the north Indian population[73].
Both the human and mouse IL-13Rα1 and IL-13Rα2 genes are located on the X
chromosome[57], possibly suggesting a role in X-linked immune diseases. The
role of IL-13 and IL-13Rα1 is being investigated in asthma and its pathogenesis
using mouse models as well as specific inhibitors that block the receptor
function.

Some of the findings are summarized in Table 1.1[42]. Research

focusing on IL-13 and the IL-13R complex could have significant impacts onto
the understanding and treatment of X-linked immune diseases and allergeninduced asthma.

1.2. CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)
Chronic Obstructive Pulmonary Disease (COPD) is a heterogeneous disease
characterised by chronic airway inflammation mucus hypersecretion and airway
remodelling with fibrosis, emphysema and lung function changes and impaired
gas exchange. The widely used functional definition of COPD by the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) defines COPD as a
disease state characterised by airflow limitation that is not fully reversible[74].
These changes are associated with increased risk of acute exacerbations of
COPD, decreased quality of life and accelerated decline of lung function.
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Table 1.1. Role of IL-13 and IL-13Rα1 in the pathogenesis of asthma.
Cytokine

Role

Deficient Mice

Over-expressing
mice/

Neutralizing
antibody/

recombinant
treatment

inhibitor
AAD

Summary
importance

of

in of
cytokines
found in
mouse models

IL-13

Induces all hallmarks of
asthma

Decreased MSCs,
may

Increased baseline
mucus

(eosinophilic

or may not have
AHR in acute

secretion, airway
remodelling,

airway inflammation,
mucus

inflammation,
mucus

AAD

production, and
and AHR (all further AHR

Pulmonary
eosinophilic

enhanced after
allergen

inflammation

challenge)

Common receptor for
both

Reduced
eosinophilic

Increased serum
IgE and

IL-4 and IL-13 signalling

inflammation,
mucus

mucus production

hypersecretion, airway
remodelling, and AHR)
IL-4Rα/IL13Rα1

Reduced airway

Antagonizing IL13 may have a
therapeutic
potential in
chronic
asthma[42]

Targeting IL-4Rα/
IL-13Rα1 is
beneficial in
asthma;

hypersecretion, IgE
production,

more effective
than

and AHR

antagonizing IL-4
alone[42]
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1.2.1. Epidemiology of COPD
It is currently the third leading cause of mortality and morbidity worldwide and
affects approximately 65 million people[75]. COPD accounted for almost 5% of
deaths or 3 million people globally in 2005[76]. In Australia, COPD is one of the
leading causes of death and hospitalisation and accounted for 4.2% of all
deaths in the year 2003[77].

COPD has also been listed as an associated cause of death and is often linked
to other comorbidities such as cardiovascular disease, diabetes and recurrent
respiratory tract infections[77]. COPD also causes significant economic burden.
The health expenditure for COPD in Australia in 2008/2009 was estimated to be
$929 million with the greatest proportion of expenditure attributed to hospital
admissions[78].

In Australia, the death rates due to COPD have approximately halved between
1979 and 2011 among males, although it increased between 1979 and 1997
among females before starting to decline. Moreover, deaths due to COPD are
higher among people of indigenous origin compared to non-indigenous
Australians[79]. Data from The Sax Institute’s 45 and Up Study (n= 204,953;
aged ≥45 years) showed that two-thirds of deaths in current smokers can be
directly attributed to smoking, which is much higher than the earlier international
estimates of 50%. In addition, current smokers are estimated to die an average
of 10 years earlier than non-smokers[80].

The Burden of Obstructive Lung Disease (BOLD) initiative was designed to be
somewhat more accurate and develop standardised methods for estimating
COPD prevalence world-wide that would be practical for use in countries with
differing economic development profiles and also to estimate the economic
burden of COPD[81]. BOLD study data from 12 sites (n=9425; in China, Turkey,
South Africa, Austria, Iceland, Germany, Poland, Norway, Canada, USA,
Philippines and Australia), up to 2006, reported the estimated population
prevalence of COPD GOLD Stage II and higher as 10.1±4.8% (SE) overall
(11.8±7.9% for men and 8.5±5.8% for women). Australian BOLD study
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estimates that approximately 14.5% (one in seven) Australians >40 years have
airflow limitation of their lungs, which increases to 29.2% in Australians >75
years. Moreover, around 7.5% Australians (>40 years) have subjective
symptoms and it is estimated that about half of them are under-diagnosed [82].

The prevalence of COPD increased with age and pack-years of smoking,
although other risk factors, such as biomass use for heating and cooking,
occupational exposures and tuberculosis, could also contribute to locationspecific variations in disease prevalence[83]. Though smoking has been
identified as an important risk factor in pathogenesis of COPD, only 10%–20%
of all heavy cigarette smokers develop the disease[84]. Epidemiological data
show that genetic predisposition plays a role in COPD. Moreover, COPD has
been known to aggregate in families with a stronger correlation between
parents and children or siblings than between spouses[85]. Also, mutations in
the anti-proteinases and antioxidants have been found to be currently the best
candidates to explain part of the genetic risk of COPD [86].

Rycroft et al., reviewed 133 studies published between 2000-2010 on the trends
in COPD prevalence (80 articles), incidence (15 articles), and mortality (58
articles) in Australia, Canada, France, Germany, Italy, Japan, The Netherlands,
Spain, Sweden, the United Kingdom, and the USA[87]. COPD prevalence
ranged from 0.2% (Japan) to 37% (USA), but varied widely across countries
and populations, COPD diagnosis and classification methods and age groups
reported. The burden of COPD was more commonly reported in older
populations (>75 years). Moreover, the prevalence of COPD has increased over
time, although the rate of increase has declined in recent years, particularly
among men.

Similar to prevalence, the overall mortality rate varied between countries,
ranging from 3–9 deaths per 100,000 in Japan to 7–111 deaths per 100,000 in
the USA. Respiratory diseases, including asthma and COPD, were the third
leading non-communicable diseases (NCDs) causing 4.2 million deaths globally
in 2008 and are expected to become more prevalent in the near future[88].
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Globally, COPD affects approximately 329 million people, which accounts for
nearly 5 percent of the total population[89]. In terms of mortality, COPD resulted
in 2.9 million deaths in 2013 alone, which increased from 2.4 million deaths in
1990, which was published as an international collaborative global burden of
disease project[90].

Understanding the economic implications associated with COPD and its
treatments is as important as understanding their clinical impact. In terms of
global expenditure on COPD, the cost is expected to rise from US$2.1 trillion in
2010 to US$4.8 trillion in 2030, half of which is expected to arise in developing
countries[91]. Of the US$2.1 trillion expenditure in 2010, approximately US$1.9
trillion was accounted for by direct costs such as medical care, while US$0.2
trillion was spent as indirect productivity losses, such as absence from work[92].

1.2.2. Pathophysiology of COPD
Depending on the severity of airflow limitation, COPD is categorised into four
stages based on the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) [93]. GOLD classification is based on forced expiratory volume in one
second (FEV1) and FEV/FVC (functional vital capacity) values. Decreased
forced expiratory volume (FEV1) in one second is a characteristic feature of
COPD [93, 94]. Patients with FEV1 more than 80% predicted values are
classified as GOLD A or mild in terms of severity. Reduced values of FEV1%
indicates increase in COPD severity which declines with disease progression as
shown in (Table 1.2)[94].

Smoke exposure results in the infiltration of inflammatory cells into the mucosa,
submucosa, and glandular tissue which in turn induces the excess production of
mucus, causes epithelial-cell hyperplasia and interrupts tissue repair, thickens
the small airway walls, induces emphysema and impairs lung function and gas
exchange which are the main features of COPD[37, 95] (Figure 1.5). However,
these symptoms do not develop in all smokers, but only those who develop
COPD.
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A current concept namely the “protease-anti-protease hypothesis” aims to
explain the mechanisms of physical destruction of the lung tissue resulting in
emphysema as a result of disproportionate proteolytic activity.

Table 1.2. GOLD staging of COPD

FEV1: forced expiratory volume in 1 second
Various factors contribute to the imbalance between proteases and antiproteases. An important one is cigarette smoke, which induces inflammation by
recruiting neutrophils and CD8+ T lymphocytes into the airways and causes
increases in protease levels and deficient anti-protease responses that upsets
the normal equilibrium resulting in pulmonary destruction/emphysema[38, 9699] (Figure 1.6).

Cigarette smoke (CS) also causes the release of various mediators that activate
the epidermal growth factor receptor (EGFR)[100-103]. This leads to the
metaplasia of normal pseudostratified epithelium into goblet cells because of
the altered expression of mucins where the COPD patient experiences
abnormal sputum production and chronic cough[104, 105].

Extensive evidence of oxidative stress in COPD patients has been
demonstrated in the lungs, blood and skeletal muscle. This likely occurs
because of mitochondrial dysfunction resulting in excessive production of
reactive oxygen species (ROS) that has harmful effects, including damage to
lipids, proteins and DNA[106]. ROS in patients with COPD are also produced by
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Figure 1.5. Airway features of a healthy individual and a patient with
COPD.
(A) Normal airway. (B) In COPD the airways become narrowed by infiltration of
inflammatory cells, mucosal hyperplasia, and deposition of connective tissue in
the peribronchiolar space, and tissue damage results in the breakdown of
alveolar tissue and emphysema. In combination these features impair lung
function and gas exchange. Adapted from reference[36].
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Figure 1.6. The protease/anti-protease hypothesis in COPD.
CS induces inflammation by recruiting neutrophils and CD8+ T lymphocytes into
the airways and causes increases in protease levels and deficient antiproteases responses that upsets the normal equilibrium resulting in pulmonary
destruction/emphysema.
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inflammatory (i.e. neutrophils, macrophages) and structural cells, (i.e. epithelial
cells) activated in the airways. Under physiological conditions, a balance exists
between the amount of reactive oxygen species (ROS) produced in normal
cellular metabolism and the endogenous oxidative defence. An imbalance
between the oxidants and antioxidant capacity leads to oxidative stress which
has also been proposed to be important in the pathogenesis of COPD. There is
considerable evidence that indicate an increased oxidative burden in the lungs
of patients with COPD mediated by NF-κB and histone acetyltransferase
activation. This subsequently promotes the expression of multiple inflammatory
genes and drives many pathogenic processes, such as direct injury to lung
cells, mucus hypersecretion, inactivation of anti-proteases, and enhancing lung
inflammation through activation of redox-sensitive transcription factors[106,
107].

1.2.3. Immunology of COPD
Inflammation and injury to the pulmonary epithelia is induced when inhaled
particulates (eg CS) are exposed to the airways. This leads to the activation of
transforming growth factor–β (TGF-β) in airway epithelium[108]. During this
process, CS also interrupts the TGF-β signalling which causes alveolar
macrophages to release pro-inflammatory mediators, facilitating inflammation
and fibroblast proliferation and fibrosis in the airway. CS exposure also
activates and produces various inflammatory mediators such as interleukin (IL)8 (IL-8), TNF-α, IFN-γ and IL-1β from the infiltrating immune cells. CS and these
cytokines also induce the release of reactive oxygen (ROS) and reactive
nitrogen species (RNS), which further amplifies inflammation, leading to mucus
hyper-secretion and alveolar wall destruction[109-113] (Figure 1.7).

CS-induced injury to airway epithelial cells also causes the release of various
danger-associated molecular patterns[114]. The signals associated with these
patterns are recognised by PRRs, such as Toll-like receptors 4 and 2 on
epithelial cells which trigger non-specific, inflammatory responses including the
release of TNF-α, IL-1β, IL-8, and the influx and activation of macrophages,
neutrophils, and dendritic cells at the inflammation site to commence the innate
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Figure

1.7.

Inflammatory

factors

and

cells

involved

in

the

immunopathology of COPD.
Exposure of epithelial cells to CS leads to the activation of transforming growth
factor–β (TGF-β) in airway epithelium. During this process, CS also interrupts
the TGF-β signalling which causes alveolar macrophages to release proinflammatory mediators, facilitating inflammation and fibroblast proliferation and
fibrosis in the airway. CS exposure also activates and produces various
inflammatory mediators such as IL-8, TNF-α, IFN-γ and IL-1β from the
infiltrating immune cells. CS and these cytokines also induce the release of
reactive oxygen (ROS) and reactive nitrogen species (RNS), which further
amplifies inflammation, leading to mucus hyper-secretion and alveolar wall
destruction. Adapted from reference[113].
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immune response[115, 116]. The various reactive oxygen species along with
the proteolytic enzymes also leads to further damage[116, 117].

1.2.4. Adaptive Immune Response
In healthy lungs, alveolar macrophages along with epithelial cells and DCs act
as reconnaissance units, continuously scanning for foreign protein signatures
and microorganisms through their PRRs[118]. Activation and terminal
differentiation of DCs is significantly enhanced by IFN-β, which assist DCs in
executing their role as antigen presenting cells (APCs)[119]. Upon recognition,
DCs integrate influenza viral antigens as part of their surface major
histocompatibility (MHC) structures, prior to maturation and migration to lymph
nodes. Once they arrive in the lymph nodes, the DCs present the antigen to T
cells with receptors uniquely specific to that antigen. This, along with accessory
signals delivered through co-stimulatory molecules, initiates T cell priming.
During this process, influenza-specific CD8+ T cells undergo significant
proliferation in the lymph nodes, and are subsequently redeployed to the site of
infection, such as the lung[120].

In the lung, influenza virus antigens, in association with MHC class 1 molecules,
are presented on the surface of infected airway epithelial cells. They are utilised
as recognition elements by CD8+ T cells that are recruited from the lymph
nodes. This allows the CD8+ T cells to bind to infected epithelial cells,
consequently deliver cytotoxic factors such as granzymes and perforins into the
target epithelial cells, and ultimately destroy those cells and the virus in
them[121]. B cells have also been reported to be an important part of the
adaptive immune response against influenza viruses, and their absence
significantly increases susceptibility to lethal IAV infection[122]. This is achieved
by the production of influenza virus-specific IgM, which is an important
intermediate factor that affects virus clearance[122].
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1.3. INFLUENZA
The term ‘influenza’ was first used in Italy during the 15th Century. It is believed
that the first influenza epidemic occurred in 1580. However, it was in 1918,
when scientists studied the virus responsible for the Spanish flu and termed it
H1N1. As reverse engineering and molecular virology improved overtime, it was
found that there were actually 5 influenza pandemics in the 19th century, and
the first and only one properly recorded in19th century was the 1889 Russian
flu, caused by H2N2 (it was designated H2 because this virus was only studied
after 1918 H1N1). A thorough knowledge of influenza and its causes were
studied during late 1920s through the discovery of swine influenza in pigs[123].
The discoveries of human influenza type A, type B and type C followed in
1933[124], 1940[125], and 1950[126], respectively.

Influenza viruses are major and potentially lethal infectious pathogens that
infect everyone on the planet. The viral particles are spread by droplets, which
are highly contagious and infect the epithelia of the respiratory tract[127-129].

1.3.1 Epidemiology of influenza A virus (IAV)
IAV infection results in influenza that is a massive global clinical problem
causing substantial annual morbidity and mortality that have enormous
socioeconomic consequences[130]. The main reason attributed to this is the
tendency of the virus to mutate into new strains leading to seasonal infections.
Each year, seasonal IAV infects 100 million people worldwide causing 3-5
million severe infections and ~250,000-500,000 deaths[131]. In Australia
seasonal influenza impacts the national health system enormously with >18,000
hospital admissions and >1,000 deaths per year[132]. Similarly, in various other
countries like India ~43 million episodes of airway respiratory infections occur
annually, around 4–12% of which are due to IAV infection[133-136].

The last century had 3 pandemics; Spanish flu (1918, H1N1), Asian flu (1957,
H2N2), and the Hong Kong flu (1968, H3N2). The 1918 Spanish flu killed ~50–
100 million people worldwide, while the Asian flu and the Hong Kong flu
pandemics claiming ~500,000–2 million human lives[137]. The beginning of the
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21st century had another global flu pandemic in 2009, due to novel swine-origin
IAV (H1N1) that caused 500,000–1 million deaths[138]. Another outbreak of
H7N9 has just recently occurred. In each seasonal and pandemic outbreak
specific subsets of people are particularly at risk, which differ with each
outbreak, and include, the healthy young, pregnant, elderly and those with
underlying respiratory conditions such as asthma and COPD.

The influenza virus mutates rapidly which causes variations in its virulence from
year to year. Due to the population having limited immunity to these new
strains, there are further increases in complications and disease severity. In the
last ten years, two novel viruses have arisen. The avian H5N1 in 2003 is highly
pathogenic and causes severe disease in humans with 70% mortality rate. The
swine-origin H1N1 (H1N1/09) in 2009 also led to a pandemic that was
responsible for approximately 18,000 deaths, representing a 7-fold increase in
mortality rates[139]. In the United States, the economic losses caused by the
IAVs, without effective medical intervention, is estimated to cost $187USD
(approx. $202AUD) per capita[140]. The impacts of these factors have
contributed to placing IAV infection as a high priority concern in global
healthcare and medical research.

People with chronic lung diseases, particularly asthma[141] and COPD are
known to be more susceptible to viral infections[142], including IAV[143]. These
infections are major causes of exacerbations and worsening of the underlying
respiratory diseases[144]. However, the immunological mechanisms that
underpin these associations in asthma and COPD are largely unknown.
Approximately 35% of deaths in asthmatics are directly due to IAV
infection[145]. Infection-induced exacerbations of COPD, often by caused by
IAV, are the 2nd commonest cause of hospitalisations in Australia[146], and in
2006 influenza and its complications caused 2,715 deaths in these
patients[132]. Furthermore, those with COPD are consistently over-represented
in those hospitalised or who died during pandemics[147]. The mechanisms that
promote susceptibility to IAV infection in asthma and in COPD are unclear.
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Identification of these factors in chronic airways diseases could be targeted
against infection in healthy and disease states.

1.3.2. Preventive measures & treatment options
Due to high frequency of mutations in IAVs, there are various limitations
associated with the current prevention and treatment strategies that include
vaccinations. Current vaccines do not vaccinate against all strains and have to
be administered every year[148, 149]. Also the present anti-viral treatments
such as Neuraminidase inhibitors (e.g. oseltamivir) are only efficacious if given
within the first 48 h of infection[150]. This is normally before symptoms are
severe enough to present to hospital. Anti-viral therapies may also need to be
given in combination to be efficacious, something that is currently under
investigation.

In addition IAVs are rapidly becoming resistant to these treatments[151]. There
is therefore an urgent need to develop novel and effective preventions and
treatments for IAV infection, especially for those most susceptible to infection.
For these reasons, IAV infection has attracted much attention from the
pharmaceutical industry. The most effective approach may be to improve host
immunity rather than targeting the virus and treatments directed against both
IAV invasion and proliferation would be ideal[152].

1.3.3. Pathogenesis of IAV infection
Influenza viruses have a unique ability to cause recurrent epidemics and global
pandemics by transmitting to humans across all age groups[153]. The unique
characteristics of the virus include its segmented genome, recombination in a
single host, and its ability to acquire genetic mutations, which changes its
virulence from year to year. Another unique aspect of IAV is that the
transcription and replication of the viral genome takes place in the nucleus of
the infected cells.

Influenza viruses belong to the Orthomyxoviridae family, having 8 single
stranded, negative sense RNA segments which is a part of their viral
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genome[154, 155]. Influenza viral RNAs are called negative strand RNAs
because they are duplicated by enzymes called polymerases to generate
complementary strands which serve as intermediates for the replication process
to generate ribonucleoprotein complexes. These eight single strands of viral
RNA in the IAV carry all the information needed to make new virus
particles[156]. These segments encode for 11 proteins including glycoproteins
[Haemagglutinin (HA); neuraminidaise (NA)]; polymerase proteins PA, PB1,
PB2, PB1-F2; neucleoprotein (NP); matrix proteins M1 and M2; and nonstructural proteins NS1 and NS2, which are also known as nuclear export
protein (NEP), which neutralises the suppression of interferons[128]. IAVs are
subtyped base on two proteins; hemagglutinin (H1-H15) and neuraminidase
(N1-N9). Viruses with HA types H1, H2 and H3 and NA types N1 and N2 cause
seasonal epidemics in humans (Figure 1.8 A).

HA and NA are the two membrane glycoproteins and major surface antigen of
the virus against which neutralizing antibodies are produced by the host and as
a consequence undergoes antigenic variation leading to recurrent epidemics of
respiratory disease[157]. HA contains various important locations of influenza
antigenic sites while NA is the primary target for various anti-viral drugs such as
Zanamivir and Oseltamivir. Viral particle formation is assisted by the matrix
protein M1 which lies inside the viral membrane. However, the matrix protein
M2 is a multifunctional protein that is expressed on the infected-cell
surface[158]. M2 protein has been reported to play an essential role in the
uncoating process of IAV in infected cells and in maintaining the HA in its pH
neutral form during transport through the trans Golgi network[128, 159]. M2
transmembrane domain has a critical role in ion channel activity while its
cytoplasmic domain is required for formation of viral ribonucleoprotein
complexes and virion morphogenesis[160].
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Figure 1.8. The structure of influenza virus that consists of 8 single stranded, negative sense RNA segments.
(A) The RNA segments are conserved with riboneucleoprotein complexes that are contained in the viral membrane. The various
viral proteins include Haemagglutinin (HA); neuraminidaise (NA); polymerase proteins PA, PB1, PB2, PB1-F2; neucleoprotein (NP);
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matrix proteins M1 and M2; and non-structural proteins NS1 and NS2, which are also known as nuclear export protein (NEP). The
HA and NA are distributed on the outer surface of the membrane. Viral formation is assisted by the matrix protein M1 that lies inside
the viral membrane. M2 protein is responsible for forming a gated Ion channel along the transmembrane region which maintains a
low pH and is responsible for proton conductance. (B) Influenza virus binds through its HA to slialic acid residues on the epithelial
lining of the respiratory mucosa, which allows the entry of virus into the host cell by the endocytic pathway followed by fusion of viral
endosome membranes. The viral ribonucleoprotein complexes are then transported to the nucleus and are transcribed. The viral
mRNAs are transported into the cytoplasm where the synthesis of viral proteins takes place and the newly synthesised
polymerases, NP, NS1 and NS2 are transported to nucleus where viral RNA replicate into complimentary RNA. The secondary viral
RNAs are transcribed to viral mRNAs leading to synthesis of structured protein. Finally, the assembly of viral nucleocapsids occurs
in the nucleus which are transported the cytoplasm and plasma membrane where the budding and release of virus particles take
place. Figure adapted from reference[161].
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The ability of influenza virus to evade the host immune system mainly relies
upon two phenomena referred to as “antigenic drift” and “antigenic shift”. In
“antigenic drift”, the antigenic glycoprotein called hemagglutinin (HA) that exists
on the surface of influenza virus is often the primary target for the host immune
system to neutralise the infection. However, cumulative minor modifications that
occur in HA allow the antigenic site to “drift” in configuration until it is no longer
susceptible to the previous viral recognition molecules developed by the host
[162]. The segmented nature of the influenza virus genome also allows for more
dramatic changes to its antigenic sites, known as “antigenic shift”. This typically
occurs during viral replication within host cells infected with multiple viruses
from different species. Modifications of this nature are more significant as they
may alter the genomic profile of the virus into a totally new configuration.

IAV infection is initiated when the viral HA binds to glycoproteins with specific
terminal sialic residues on the surface of broncho-epithelial cells. The HA
protein undergoes conformational changes leading to lowering of pH in the host
cell

endosome.

These

changes

release

multiple

complexes

of

viral

ribonucleoproteins into the cytoplasm, which then translocate into the
nucleus[163, 164]. Inside the nucleus, viral messenger RNAs (mRNAs) and
complementary RNAs (cRNAs) are synthesised from viral ribonucleoprotein
templates. Transcription of viral mRNAs with positive polarity is achieved by the
utilisation of 5’-methylated cap structures of the host cell[165]. This is then
delivered to the cytoplasmic region of the host cell and translated into viral
proteins. Concurrently, cRNAs remain in the nucleus and are utilised as
templates for creating new viral negative sense RNAs. These daughter RNAs
get associated with M1 proteins before being exported into the cytoplasmic
region. Viral components including RNA segments, HA, NA and M2 move
towards the apex of the host membrane, where eventually the NA cleaves the
host sialic acid residues, liberating newly formed virions from the infected
cell[166] (Figure 1.8 B).

IAV infection results in severe alveolar inflammation in the lower respiratory
tract due to the loss of ciliated cells and epithelial cell damage, subsequently
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contributing to the recruitment of neutrophils and mononuclear cells[167-171].
As a result, large amounts of cytokines and chemokines such as IL-6, tumor
necrosis factor-alpha (TNF-α), IL-1beta (IL-1β) and IL-8 are produced by
infected cells. The over-activation of immune cells results in an uncontrolled
immune

response

and

the

excessive

production

of

cytokines

and

chemokines[172, 173]. This ‘cytokine storm’ is strongly associated with
influenza-induced mortality and was thought to be responsible for the death of
young adults in the 1918 Spanish flu and the 2009 swine flu outbreaks[173].
The common clinical symptoms observed with IAV infection include headache,
fever, AHR, broncho-constriction of the airways[174, 175], secondary bacterial
pneumonia[176, 177] and obstruction in the small airways[174] leading to
impaired diffusion capacity[178, 179].

1.3.4. Host immune responses to IAV infection
1.3.4.1. Innate immune response: Intracellular innate sensing of IAV
infection
In the initial stages of IAV infection, viral cRNA and mRNA are made during viral
replication. These are vital pathogen-associated molecular patterns (PAMP) of
IAV, which are recognised by specific pattern recognition receptors (PRRs)
such as toll like receptors (TLRs), retinoic acid inducible gene-I (RIG-I)-like
receptors (RLRs) and the NOD-like receptor family pryin domain containing 3
(NLRP3) protein[180]. Once PRR activation takes place, signalling cascades
are activated resulting in the production of pro-inflammatory chemokines that
recruit inflammatory leukocytes to the site of infection[181-183].

Detection of influenza virus by RIG-I initiates its conformational changes and a
cascade of downstream signals, which leads to the production of IFN-α/β (type I
IFNs) and IFN-λ1/ λ2/ λ3 (type III IFNs)[184, 185] through the JAK/STAT
signalling pathway. The structure of RIG-I contains two caspase-recruitment
domains (CARDs) as well as a DExD/H-box helicase domain which play a vital
interfacing role and interacts with target viral RNA [186]. RIG-I recognises the
uncapped 5’-triphosphate end of viral RNA, which is distinctly different from host
RNA[187, 188]. Binding of influenza RNA to RIG-I results in structural changes
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in the receptor, leading to exposure of the CARD domain. This subsequently
allows the CARD domain to interact with the IFN-β promoter stimulator 1 (IPS-1,
also known as VISA, Cardif or MAVS)[189]. IPS-1 interacts with tumour
necrosis factor (TNF) receptor associated factor -3 (TRAF-3) activates TRAF
family member – associated nuclear factor-κB (NF-κB) activator (TANK) –
binding kinase-1 (TBK1) and I κB kinase-i (IKKi). The TBK1/IKKi complex
phosphorylates interferon regulatory factor -7 and IRF-3 which are transported
to the nucleus and lead to the production of type 1 and type 3 IFNs[190] . The
host also generates IFN-γ (a type II IFN), in order to begin the initiation of the
adaptive immune response against influenza infection[191]. These antiviral
responses are reinforced by the release of other cytokines, such as TNF-α, and
chemokines, including IFN-γ-induced protein (IP)-10 (CXCL10), macrophage
inflammatory protein (MIP)-1α (CCL3), as well as KC [192, 193]. Type 1 IFNs
have strong antiviral activity that prevents viral replication[194-196]. Type 1
IFNs also stimulate dendritic cells (DCs), which induce adaptive immune
response and the activation of CD4+ and CD8+ T cells[197-199].

IAV infection is detected by multiple host sensors and one of these is Toll-like
receptors (TLRs). IAV infected cells are phagocytosed by macrophages and
the recognition of double stranded viral RNA by TLR-3 leads to the induction of
NF-κB dependent pro-inflammatory cytokines, type 1 IFNs and IFN-stimulated
genes (ISGs) downstream of IFN regulatory factor 3 (IRF3). The single stranded
RNA from the virion is released with the rupture of viral membrane and capsid
within acidified endosomes and are detected by TLR7 in plasmacytoid p(DCs).
TLR7 signalling induces NF-κB-dependent genes from the NF-κB endosomes
and IRF7 activation from IRF7 endosomes[200, 201] (Figure 1.9 A).

In the infected cell the viral RNA in the cytosol is identified by RIG-I which via
the activation of mitochondrial antiviral signalling protein (MAVS) results in the
recruitment of pro-inflammatory cytokines and type 1 IFN.
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Figure 1.9. Innate sensing of influenza viruses.
Infected cells are phagocytosed by macrophages and the recognition of double
stranded RNA by intracellular TLR-3 leads to the induction of NF-κB and IFN
regulatory factor 3 (IRF3) dependent pro-inflammatory cytokines, type 1 IFNs
and IFN-stimulated genes (ISGs). Single stranded RNA from the virion is
released with the rupture of viral membrane and capsid within acidified
endosomes which are detected by TLR7 in plasmacytoid dendritic cells (pDCs).
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TLR7 signalling induces NF-κB–dependant genes from the NK-κB endosomes,
and IRF7 activation from IRF7 endosomes. In the infected cell the viral RNA in
the cytosol is identified by RIG1 which via the activation of mitochondrial
antiviral signalling protein (MAVS) results in production of pro-inflammatory
cytokines and type 1 IFN. In the golgi matrix 2 (M2) ion channel activity initiates
the

formation

of

nod-LRR

and

pyrin

domain-containing

3

(NLRP3)

inflammasome resulting in the activation of caspase 1 and release of cytokines.
PB1-F2 fibrils accumulates in the phagosomes resulting in activation of NLRP3
and release of IL-1 β and IL-18. Figure adapted from reference[201].
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In the Golgi the M2 ion channel activity initiates the formation of nod-LRR and
pyrin domain-containing 3 (NLRP3) inflammasomes resulting in the activation of
caspase 1 and release of cytokines. PB1-F2 fibrils accumulate in the
phagosomes resulting in activation of NLRP3 and release of IL-1 β and IL18[201, 202] (Figure 1.9 B).

1.3.4.2. Alveolar macrophages in IAV infection
On the initiation of infection alveolar macrophages are activated and limit viral
spread[201]. The activation of these macrophages also produces nitric oxide
synthase 2 (NOS2) & TNFα that contributes to the pathological features
associated with IAV infection[203-205]. Anti-viral responses are reinforced by
the production of various other cytokines like TNFα, and chemokines (IFN-γ)
induced protein-10 (CXCL-10), macrophage inflammatory protein (MIP)-1α
(CCL3), CXCL1 and CXCL8.

1.3.4.3. Adaptive immune system
Alveolar macrophages, epithelial cells and DCs survey for foreign antigens and
viruses using their PRRs. IFN-β supports the activation and terminal
differentiation of DCs which promotes their function as antigen presenting cells
(APCs). Upon recognition, DCs interact with IAV antigens prior to maturation
and migration to lymph nodes. On arrival at the lymph nodes, DCs present the
antigen to T cells which initiates T cell priming. During this process influenza
specific CD8+ T lymphocytes proliferate in lymph nodes and subsequently
mobilise to the site of infection[203]. In the airways, influenza antigens are
presented via major histocompatibility complex (MHC) class I molecules, which
are on the surface of infected epithelial cells and are used as recognition
elements by CD8+ T lymphocytes. This enables CD8+ lymphocytes to bind with
infected cells and release cytotoxic factors like granzymes and perforins, which
destroy the infected cell[204]. B cells also perform important roles in the
adaptive immune response against IAV by the production of virus-specific, IgM
which is a major antibody involved in viral clearance[205].
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1.3.5. Association between asthma and IAV infection: Potential
Mechanisms and Therapeutic Interventions
Globally, viral respiratory infections are one of the major health problems.
Investigations in this area are becoming more challenging because of the
complexity of the relationship between the host’s defences and the different
influences of different microbes[206]. Infections can have pleiotropic roles in
asthma and can cause wheezing as an “inducer” and can also acts as a
“protector” against the allergic airway disease[207]. Sigurs et al., have shown
that the family history of asthma along with severe respiratory syncytial virus
(RSV) infections increases the development of asthma in children at the age of
seven[208]. Moreover, viral respiratory infections are also one of the major
causes of asthma exacerbations in all groups, which further deteriorate the
quality of life in these patients.

Various studies have provided mechanistic insights showing an association of
respiratory viral (RSV, rhinovirus) infections with asthma [209]. Using mouse
models, it has been well demonstrated that respiratory infections during early
life modifies lung physiology and increases the severity of AAD by promoting IL13[210] and TNF-related apoptosis-inducing ligand (TRAIL)[211] responses.
Various other factors that have been shown to play roles in susceptibility to
respiratory viral infections in AAD include monocyte chemoattractant protein-1
(MCP-1), keratinocyte-derived protein chemokine (KC)[212] and receptor for
advanced glycation end-products (RAGE)[213].

There are increasing numbers of asthma patients with more severe disease that
is resistant to steroid therapy. Often these patients have coexisting respiratory
infections. Because they do not respond to steroids this group have
substantially increased the cost of treating asthma patients[214]. miR21/PI3K/histone deacetylase (HDAC) 2 axis has recently been reported to drive
severe, steroid-insensitive experimental asthma[215]. Furthermore, in a dual Thelper 2/T-helper 17 (Th2/Th17) model of steroid-resistant asthma, IL-13mediated and signal transducer and activator of transcription 6 (STAT6)dependent mucus metaplasia and AHR was observed. However, IL-13 was not
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identified to be directly contributing to airway/tissue inflammation. Similarly, in
the same mixed model, IL-17A was identified as an independent contributor to
AHR with only partial mediation of inflammation and mucus metaplasia[216].

Chambers et al., investigated the immunological differences between steroidsensitive and steroid-resistant asthma and demonstrated that patients with
steroid resistance asthma produced significantly higher levels of IL-17A and
IFN-γ. Calcitriol treatment in both an in-vitro (peripheral blood mononuclear cell,
PBMCs) and in-vivo (steroid resistance asthma patients) settings improved
clinical responses to oral glucocorticoids. This probably occurred by directing
the cytokine profile of steroid-resistance asthma patients towards the steroidsensitive immune phenotype[217]. With an aim of increasing patient compliance
in steroid-refractory asthma, Stuart and his co-workers designed and optimised
various chemical compounds that could produce sustained action postinhalation[218]. Further, microRNA-9 (miR-9) was investigated as another
potential therapeutic target by Li et.al., where it was hypothesised to regulate
glucocorticoid receptor (GR) signalling and steroid-resistant AHR in steroidresistant asthma[219]. Tian et al., studied the apoptosis of inflammatory cells
which is an important prerequisite feature in clearing airway inflammation
induced by insults such as allergens. They demonstrated the potential of Bcl-2
inhibitors ABT-737 or ABT-199 as promising therapeutic tools in the treatment
of corticosteroid-insensitive neutrophilic airway inflammation[220].

Another potential therapeutic intervention included an anti-RSV neutralizing
antibody (palivizumab), which has recently been approved for the prevention of
severe RSV infection in high-risk patients. This antibody was tested in a mouse
model where the antibody was administered once either 24 h prior to infection
as prophylaxis or 48 h post-infection (inoculation with RSV). Treatment
attenuated RSV replication in the lower respiratory tract as well as significantly
reduced the cytopathic effect of virus particularly in the respiratory epithelial
cells[221-223].
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Hines and colleagues investigated the molecular processes involved in
structural remodelling as a consequence of repeated respiratory viral infections
during

early

childhood.

They

demonstrated

distinct

responses

from

macrophages and mast cells along with abnormal re-epithelisation resulting in
various structural defects using a Sendai virus infection model in weanling rats
(an atopic asthma susceptible strain, Brown Norway, and a non-atopic asthma
resistant strain, Fischer 344)[224]. A translational investigation using a blend of
genetic animal models and in-vitro human studies identified an innate immune
scavenger receptor MARCO to be associated with increased susceptibility of
children to RSV infection[225]. Also a clinical trial investigating the efficacy and
safety of long-term treatment with anti-IgE antibody, omalizumab, in children
with uncontrolled severe allergic asthma demonstrated it to be well tolerated
with improvements in asthma control[226].

A multicentre, randomised, double-blind, placebo-controlled, parallel-group
study assessed the safety and efficacy of inhaled Zanamivir in preventing
infection in adult and adolescent subjects susceptible to IAV particularly against
the circulating strains of the 2000-2001 influenza season in the Northern
Hemisphere

(influenza

A/New

Calendonia/20/99-like

and

influenza

B/

Sichuan/379/99-like). Zanamivir was demonstrated to be well-tolerated with a
placebo comparable safety profile[227]. Likewise, a randomised, double-blind,
placebo-controlled, crossover phase 1 study evaluated the safety of an inhaled
antiviral DAS181 (Fludase®) in adult subjects with well-controlled asthma[228,
229] which was a part of a clinical trial where DAS181 was shown to reduce
viral load[230].

Though, there are many translational and clinical studies performed worldwide
to investigate the molecular mechanisms interlinking IAV infection and AADs
along with the ongoing search for potential therapeutic interventions, there are
still many questions that remain unaddressed. Some of these impediments
include patterns of inflammation involved due to various respiratory viruses and
multiple genes and their products, which underpin the regulatory mechanisms
driving disease pathology.
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1.3.6. Associations between COPD and IAV infection
The risk of mortality and morbidity in COPD patients increases with infectious
exacerbations that worsen disease features[231-233]. This is very distressing
for the patients who usually take weeks to recover[234]. Infectious
exacerbations

also

increases

both

local

and

systemic

inflammation,

exaggerates the decline in lung function and reduces quality of life[235-238].

Acute exacerbations of COPD are often due to the respiratory viral infections.
IAV is associated with 16-25% of all virus-induced COPD exacerbations[239].
RIG-I and IFN-initiated (type 1 and type 3) antiviral responses are well
described to suppressing viral replication and limit the severity of IAV infection.
CS inhibits RIG-I which also reduces the anti-viral response and predisposes to
exacerbations induced by IAV. The main mechanism involved is oxidative
stress induced by cigarette smoke, which reduces HDAC-1 expression in
macrophages that regulates type 1 IFN responses[240-242]. Overall, the
inflammation and impaired anti-viral responses alone or in combination
contribute to the pathogenesis of the COPD and exacerbations induced by IAV
infection. Various studies have reported that around 40-60% of episodes are
due to viral infections primarily rhinovirus (RV) which play a major role[243,
244]. In addition, bacteria cause 50% of exacerbations, which is even higher
(72%) in severe exacerbations requiring ventilatory support. A combination of
viral and bacterial infections causes around 25% of exacerbations[245-247].

Virus-induced COPD exacerbations have been found to be associated with
increased plasma levels of IL-10, IL-12 and IL-15[248], whereas all COPD
exacerbations (with or without respiratory virus isolation) are characterised by
increased plasma levels of IL-2, IL-13 and vascular endothelial growth
factor[248]. Jian-Qing and colleagues showed an association of IL-13, IL-13Rα1
and IL-4Rα polymorphisms with the rate of decline of lung function in
COPD[249]. A meta-analysis study suggested that an IL-13 −1112 C/T
promoter polymorphism is associated with the risk of COPD in Arabians[250].
Nada et.al., demonstrated that the interaction between multiple genes and
environmental influences in the presence of smoking and latent adenovirus C
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infection, TNF-α –308A, SPB +1580 T and IL-13 –1055 T polymorphisms
predispose to the development of COPD[251].

Tao and colleagues hypothesised that Th2 cytokines can also activate
proteolytic pathways that could contribute to the pathogenesis of COPD[252].
To test this hypothesis, they used an inducible overexpression transgenic
modelling system to target IL-13 in the adult murine lung. Their studies
demonstrated that IL-13 caused a phenotype that mirrored human COPD
including emphysema with macrophage-, lymphocyte- and eosinophil-rich
inflammation, mucus metaplasia and enhanced lung volumes and pulmonary
compliance. They also demonstrated that IL-13 caused emphysema via a MMPand cathepsin-dependent mechanism(s) along with other mechanisms that may
underlie COPD and asthma[252].

Holtzman et.al., detected an increased level of IL-13 mRNA in COPD lungs with
chronic mucous cell metaplasia. The increased IL-13 mRNA levels were
observed to be associated with an increase number of cells stained positive for
IL-13 protein in COPD lungs[253]. Another recent study also investigated the
role of IL-13 in radiation lung injury where it was highlighted as a potential
biomarker and target for therapeutic intervention[254].

1.4. MOUSE MODELS OF ASTHMA, COPD AND INFLUENZA
1.4.1. Asthma
Typically, animals models of asthma that are employed to understand AAD
involve the use of various allergens like ovalbumin (Ova, protein from chicken
egg) with a Th2-inducing adjuvant (aluminium hydroxide, alum) or HDM extract.
In acute Ova-induced AAD model, mice are systemically sensitised to Ova in
alum followed by airway Ova challenges while in case of HDM-induced AAD,
mice are first locally sensitised to HDM followed by airway challenges. All these
models show hallmark features of asthma with airway inflammation and
increased numbers of eosinophils, elevated circulating levels of IgE, Th2
cytokine responses (IL-4, IL-5, IL-13), goblet cell hyperplasia, mast cell
degranulation and pulmonary neutrophil responses, mucus hypersecretion and
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AHR[255-258]. In chronic models, allergen exposures are at low levels for a
prolonged period of time usually up to 12 weeks. Such chronic models are
employed to understand airway remodelling and other chronic aspects of the
diseases[259-261].

1.4.2. COPD
In COPD, various experimental models have been developed over the years.
Some models involve acute exposure (nose-only or whole body) to CS[262,
263]. The limitations of these models include no induction of airway remodelling,
emphysema or lung function changes. In addition, whole body exposures do not
realistically reflect the typical mode of exposure in humans. There are various
studies that have shown the induction of all the hallmark features of COPD but
the long duration of these models of up to 6 months is labour intensive and
costly[263]. Our laboratory have developed a short-term mouse model of noseonly CS-induced COPD that recapitulates key features of human COPD
including chronic bronchitis, airway remodelling, emphysema and lung function
impairment after 8 weeks of CS exposure which we have employed in our
present investigations[264].

1.4.3. Influenza
The investigations in the area of IAV infection have become more challenging
because of the complexity of relationship between the host’s defences and
microbial virulence[206]. Animal models are important to identify and
understand the role of the factors which are involved in the development and
progression of disease features, transmission of the virus in humans along with
the discovery of new therapeutic interventions[265]. These models also enable
pre-clinical testing of antiviral drugs and vaccines. Various animal models such
as mice, ferrets, guinea pigs, cotton rats, hamsters and macaques have been
employed to understand the pathogenesis of IAV infection and its therapeutic
targeting[266, 267].

Mice are commonly employed to understanding the immune responses to IAV.
The advantages of using mice over other animals include, small size, low cost,
40

and the availability of transgenic strains to facilitate the in-depth understanding
of the host response[268]. The degree of susceptibility to IAV infection in mice
depends on the mouse strain[266]. Various clinical signs in mice usually
develop after 2-3 days of infection, which vary from strain to strain, and
depends upon the challenge dose. Symptoms include lethargy, loss of
bodyweight, huddling, ruffled fur, and death[269]. Various studies have shown
the importance and relevance of using mouse model to understand infection
and its association with various respiratory diseases such as asthma[270-272]
and COPD[273, 274]. The most commonly employed IAV strains in mice
include intranasal delivery of H1N1 A/Puerto-Rico/8/1934 (A/PR/8/34)[275] or
A/WSN/1933 (WSN)[7] viruses. Various mouse models can also be modified to
understand the role of IAV infections and immune responses in various other
diseases like asthma, COPD, secondary bacterial pneumonia and pulmonary
fibrosis.

1.5. MICRORNAS (miRs): POTENTIAL THERAPEUTIC TARGETS
IN CHRONIC LUNG DISEASES
miRs are short non-coding RNAs which control gene expression posttranscriptionally by directly blocking translation of their target mRNAs or by
repressing protein production via mRNA destabilisation[276]. In the human
genome, transcripts of approximately 60% of all mRNAs are estimated to be
targeted by miRs[277]. miRs are important in the post-transcriptional regulation
of gene expression. They regulate various biological processes (cell
differentiation and growth, metabolism, cell signalling, apoptosis) related to
cancer and inflammation[278]. miRs have been identified as novel candidates
for targeted therapeutic approaches and also employed as biomarkers for
various diseases like cancer and chronic inflammatory diseases including
asthma and COPD[279-283].

There are two strategies that are being pursued to target miRs so as to harness
their therapeutic potential. These include (i) miR replacement therapy involving
the miR-mimics to restore a loss of the function. miR mimics are synthetic RNA
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duplexes designed to mimic the endogenous functions of miRs with chemical
modifications for stability and cellular uptake[284]. This approach is quite
commonly employed for lung cancer and (ii) the second strategy is directed
towards a gain of function and aims to inhibit oncomiRs by using anti-miRs.
Chemical modifications, such as 2'-O-methyl-group and locked nucleic acid
(LNA),

would

increase

oligo

stability

against

nucleases.

Antisense

oligonucleotides contained in these modifications are termed antagomirs or
“LNA-antimiRs”[285, 286].

1.5.1. Biogenesis of miRs
miR biogenesis commences with the transcription of the miRs by RNA
polymerase II to generate Pri-miRs. Stem loop structures are fragmented by the
RNase III enzyme Drosha and double stranded RNA-binding domain (dsRBD)
protein DGCR8/Pasha to generate hairpin precursor pre-miR. The excised premiR is transported to the cytoplasm by Exportin-5 via Ran-GTP-dependant
mechanisms where its cleavage occurs by the Dicer protein, which generates
miR duplexes containing mature miR strands and various accessory protein
assemblies. This duplex is incorporated into the RNA-induced silencing
complex (RISC) to engage the post-transcriptional repression of target mRNA
translation[287-297] (Figure 1.10).

1.5.2. miRs in lung diseases
Various signalling pathways are activated during the generation of inflammation
in the lungs involve miRs and their roles in inducing innate and adaptive
immunity that underpin their potential function in promoting inflammatory
diseases such as asthma and COPD[298]. Various miRs have been identified to
be associated with specific airway inflammatory diseases, some of which are
tabulated in Table 1.3. This evidence implies miRs are a promising technology
for current and future therapeutic development.
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Figure 1.10. miR Biogenesis.
The miR biogenesis commences with the (1) transcription of the miRs by RNA
polymerase II to generate (2) Pri-miRs. The stem loop structures which are
fragmented by the RNase III enzyme Drosha and double stranded RNA-binding
domain (dsRBD) protein DGCR8/Pasha to generate hairpin precursor pre-miR.
(3) The excised pre miR is transported to the cytoplasm by Exportin -5 via RanGTP-dependant mechanisms where its (4) cleavage occurs by the Dicer protein
which generates miR duplexes containing mature miR strands and various
accessory protein assemblies. This duplex is incorporated into the RNA-induced
silencing complex (RISC) (2) to engage the post-transcriptional repression of
target mRNA translation; Adapted from reference[298].
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Table 1.3. miRs involved in inflammatory airway diseases
miR
let-7
miR-21
miR-25
miR-26a
miR-106a
miR-126

Cell type/tissue Target
involved
Lung
IL-13
Fibroblasts, Lung
IL-12p35, TGF-β1/Smad7, IL12/IFN-γ
Airway
Smooth Krüppel-like factor 4 (KLF4)
Muscle (ASM)
ASM
glycogen synthase kinase-3β
Lung
IL-10

Reference
[282, 299]
[300-302]
[303]
[304]
[305]

miR-127
miR-133a

Epithelial cells & POU
domain
class
2 [306-308]
Lung
associating factor 1/ GATA3;
TOM1 (target of Myb1) in
TLR2/4 signalling pathways
Macrophages
IgG Fcγ receptor I
[309]
ASM
RhoA
[310]

miR-145
miR-146a

Lung
ASM, Fibroblasts

miR-199a

Th2 cytokines
Prostaglandin
E2,
NFκB/MEK-1/2 /JNK-1/2
Human peripheral ChREBP , IFNα/β
blood
mononuclear cells
(PBMC)
Lung
Hypoxia-inducible factor-1α

miR-221

Lung

miR-485

Lung

miR-192

[311]
[312, 313]
[314]

[315]

Sprouty-related protein with [316, 317]
an EVH1 domain-2 (Spred-2)
Sprouty-related protein with [316]
an EVH1 domain-2 (Spred-2)

1.5.2.1 miRs in asthma
Various in vitro studies and mouse models have suggested the causative role of
miRs in asthma. A recent study showed the role of miR-23b in controlling TGFβ1 induced airway smooth muscle cell proliferation by regulating Smad3 and
thus supressing airway remodelling[318]. Rodriguez et. al. reported that a total
knockout of miR-155 causes spontaneous development of an asthma-like
phenotype including inflammatory infiltration into the lung and airway
remodelling[319].
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Zhou and colleagues have briefly described the involvement, mechanisms and
role of miR-155 in the allergic asthma[320]. Along similar lines, it has also been
shown that miR-155 via IL-13 supressed chemokine expression (CCL5, CCL11,
CCL26, CXCL8, and CXCL10) in human epithelial cells[321]. Another important
miR namely, miR-181b-5p was identified as a potential biomarker for airway
eosinophilia in asthma where it was demonstrated to participate in eosinophilic
airway inflammation by regulating proinflammatory cytokines expression by
targeting secreted phosphoprotein-1 (SPP1)[322]. Moreover, miR-181b has
also been demonstrated to increase inflammation by regulating the NF-κB
signalling pathway[323].

An interesting study involving toluene diisocyanate (TDI), which is a major
inducer of occupational asthma, demonstrated the involvement of miR-210 in
controlling chemical induced allergic asthma by having inhibitory effects in Treg
function particularly during the sensitisation phase of TDI. This particular study
highlighted the immunological mechanisms that may contribute to chemicalinduced allergic asthma.

Fan and his co-workers have investigated the role of miR-145 in asthma
patients where it was believed to be involved in maintaining the balance
between Th1 and Th2 responses by targeting RUNX3 and can also be used as
a diagnostic biomarker and therapeutic target[324]. miR-196a2 polymorphisms
also have been shown to be involved in regulating asthma in children and
adolescents[325].

Tang et al., identified mmu-miR-21a, mmu-miR-449c, and mmu-miR-496a in a
mouse model of asthma using quantitative real-time PCR. They emphasised on
the importance of miR-21/Acvr2a axis as one of the important immune
mechanism involved in regulating inflammation associated with asthma[326].
Elbehidy et al., further confirmed miR-21 as a potential and novel biomarker for
the diagnosis of asthma in a paediatric population[327]. Likewise, miR-10a has
been also identified as a potential therapeutic target in lung diseases where it
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was demonstrated to regulate the proliferation of airway smooth muscle cells
via the PI3K pathway[328].
The increased susceptibility of individuals with COPD to inﬂuenza likely results
from impaired antiviral responses, which have been reported to be mediated by
increased PI3K -p110α activity. This pathway thus has a potential to be targeted
therapeutically in COPD, or in healthy individuals during seasonal or pandemic
outbreaks so as to prevent and/or treat inﬂuenza. The main factor that promoted
the progression of asthma was identified to be over expression of IL-13 and
several miRs such as miR-133a[329], miR-145[330], miR-126[331], miR155[321] and miR-146[276] that have been reported to have important roles in
regulating this mechanism. Also, the treatment of human bronchial smooth
muscle cells with IL-13 caused a decrease in the expression of miR-133a.
Artificial inhibition of miR-133a function in smooth muscle cells through the use
of antagomirs was shown to increase the expression of RhoA, a known
procontractile protein[329]. Ho et al., have shown that diallyl sulphide has
protective effects due to its induction of miR-144, -34a and -34b/c modulated
Nrf2 activation in Ova-induced allergic asthma in BALB/c mice[332]. miR-19a
also been identified as a potential new target to manage severe phenotypes of
asthma where its downregulation has been reported to control epithelium repair
during the disease[333].

miR-124 has been demonstrated to play an integral role along with IL-4/IL-13 in
allergic inflammation by inducing an M2 phenotype in macrophages[334].
Inhibition of mmu-miR-106a has been shown to supress airway inflammation,
goblet cell metaplasia, subepithelial fibrosis and AHR in experimental
asthma[335]. Apart from miRs, long non-coding RNAs (lncRNAs) such as
LncRNAs BCYRN1[336], 846[337] or 4176[337] have also been described to
play a role in airway allergic inflammation[337].

However, the role of miRs in corticosteroid-resistant asthma is not well
illustrated. One study demonstrated that the expression of miR-146a is
reduced in CD8+ and CD4+ T-cells from severe asthma patients who were
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recommended continuous oral corticosteroid treatment[331]. Also with LPSinduced inflammation, a rapid change in the miR levels was observed in the
mouse lungs but no influence or changes were observed in response to
glucocorticoids treatment[338].

1.5.2.2 miRs in COPD
Polymorphisms in multiple genes have been reported to be associated with
COPD which includes various transcription factors such as nuclear factor-kappa
B (NFκB)[339], extracellular matrix proteases (e.g., matrix metalloproteinase-12
(MMP-12)[340], TNF-α[341], IL-8, IL-8 receptor and chemokine receptor
(CCR)1[342,

343],

caspase-3

and

vascular

endothelial

growth

factor

(VEGF)[344, 345]. Many of these have been identified as possible targets for
therapeutic intervention using molecule inhibitors and/or antagonists.

In the lungs of rats exposed to the CS, expression of 24 miRs (especially let-7
family, miR-10, -26, -30, -34, -99, -122, -123, -124, -125, -140, -145, -146, -191,
-192, -219, -222, and -223) were demonstrated to be down-regulated in
comparison to air-exposed controls[346]. Likewise, in a different study,
bronchial airway epithelial cells from smokers were found to have reduced
levels of miRs especially miR-218, miR-15a, miR-199b, miR-125a/b, miR-294
compared to non-smokers. Similar results were also observed (down regulation
of miR-218) with lung squamous cells carcinoma[347]. In another study, miR294, an inhibitor of transcriptional repressor genes, was reported to be
upregulated in smoke-exposed rats[348]. Moreover, miR profiling in lung tissue
of patients with COPD revealed the role of miR-218 in the pathogenesis of
COPD[349]. miR-146a-5p has also emerged as a regulator of inflammation in
COPD via regulating various inflammatory pathways such as Toll-like receptor
(TLR) or IL-1R signalling[350, 351]. The investigations completed so far,
suggest that miRs contributes significantly to the pathogenesis of asthma and
COPD.
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1.5.2.3 miRs in other diseases
Many pre-clinical and clinical trials have been performed and are underway to
investigate the potential of targeting miRs to improve disease pathophysiology.
These attempts have thus produced mechanistic data showing that miRs play a
critical role in regulating disease-related pathways.

For tumors with reduced expression of miRs, restoration of their basal levels is
the key strategy, which can be achieved through miR-mimetics or by
regenerating “miRNAome” (full spectrum of expressed miRs in a cell at a
specific time) functionality[285]. The most widely used approach is using miRmimetics which have led to the progression of various miRs in the
developmental phase (pre-clinical). Some of the therapeutic targets include let-7
for lung cancer, miR-34 for lung cancer and prostate cancer, miR-29 for cardiac
fibrosis, miR-122 for hepatitis C virus[352-356]. miR-mimetics including Let7[299] and miR-34[354] have been demonstrated efficacious in wide variety of
solid tumours in mice. There are various miRs which are already being targeted
therapeutically[357]. Some of them are miR-122 for Hepatitis C virus which is in
Phase 2 clinical trials along with miR-208/499 and miR-34 for chronic heart
failure and cancer, respectively that are in the pre-clinical development phase.
To achieve the delivery of a stable molecule, miR’s are delivered as perfectly
complementary duplexes, similar in architecture to siRNAs[285]. Therapeutic
efficacy of these miR-mimetics is being assessed based on their inhibitory
effects on proliferation and apoptosis of tumour cells, as well as the specific
repression of oncogenes.

In contrast, antagonist approaches that use antisense miRs termed antagomirs
for miR-208, miR-499 and miR-195 have been shown to be beneficial in chronic
heart disease where treatment ameliorated disease features such as
cardiomyocyte hypertrophy, fibrosis and stress-induced expression of β-myosin
heavy chain (β-MHC) and hypothyroidism in mouse models[358]. The various
identified miRs with their therapeutic indication and clinical trial status is shown
in Table 1.4[359]. Although targeting miRs is in clinical trials for several
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diseases, the role of miRs in inflammatory airway disease still largely remains
unknown and under investigation.

Table 1.4. miRs, their therapeutic indications and clinical trial status
Identified
miR
miR-208
miR-15/195

Therapeutic Indication

Status

Heart failure
Post-myocardial infarction remodelling

Preclinical
Preclinical

miR-145
miR-451
miR-29
miR34, let 7

Vascular disease
Myeloproliferative disease
Pathological fibrosis
Cancer

Preclinical
Preclinical
Preclinical
Phase I

miR122

Liver transplant (HCV)

Phase III

1.5.3. miR-21 in Chronic Respiratory Diseases
1.5.3.1. miR-21 in asthma
Various miRs such as Let-7, miR-25, miR-26a, miR-199a, miR-221, miR485,
miR-146a have been identified and suggested to play roles in asthma
pathogenesis where miR-21 (miR-21) is being investigated as an important
regulatory factor in murine AAD[306, 360-362]. Reduced eosinophilic
inflammation has been observed in mice deficient in miR-21 with Ova-induced
AAD[301]. Furthermore, miR-21 has been also shown to promote steroid
insensitivity in experimental severe, steroid-resistant asthma through the
regulation of miR-21/PI3K/HDAC2 axis. The study demonstrated that the
infection-induced miR-21 expression promoted PI3K-mediated phosphorylation
and nuclear translocation of pAKT that suppressed HDAC2 levels subsequently
leading to steroid insensitivity[363]. Li et al., suggested that miR-21 could
represent an important target in mediating protection of bronchial epithelial cells
from hypoxic injury that triggers allergic airway inflammation[364].

Similarly, Lee and colleagues demonstrated that miR-21 suppression
attenuated the development of allergic airway inflammation in a mouse model of
acute bronchial asthma[365]. Moreover, miR-21 has been identified to be
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significantly upregulated in smooth muscle cells of asthma compared to nonasthma patients. miR-21 overexpression has also been demonstrated to be
associated with decreased levels of phosphatase and tensin homolog (PTEN)
and activation of phosphoinositide 3-kinase (PI3K)/AKT pathway[366]. miR-21
has also been suggested to be associated with recurrent childhood wheezing
and asthma risk[367]. Moreover, the levels of miR-21 were observed to be
significantly increased in the serum of children and adults with asthma including
patients with steroid resistance. This highlights its importance as a promising
potential biomarker for the diagnosis of asthma and assessment of treatment
responsiveness in paediatric asthma[327]. miR-21 has also been defined as a
major regulator of Th1 versus Th2 responses that is mediated by the IL-12/IFNgamma pathway[368]. Also, it has been presented as a potential regulator of L12p35 expression in allergic airway inflammation[360].

1.5.3.2. miR-21 in COPD
A recent study in COPD patients demonstrated that the upregulation of miR-21
in serum and peripheral blood mononuclear cells was a contributor to the
pathogenesis of this disease[369]. A similar study also showed that the ratio of
miR-21 to miR-181a levels can be useful in evaluating the development of
COPD in heavy smokers[370]. Specifically with PI3K, increased PI3K-p110α
activity has been demonstrated to increase susceptibility of individuals with
COPD to influenza infections[371]. Efficacy of PI3K/AKt inhibitors are being
investigated as potential therapeutic interventions in the management of COPD
probably by regulating the PI3K/Akt pathway and miR-21 expression involved in
regulating the growth, differentiation and survival of cells[372].

1.5.4. miR-125 a and b in chronic respiratory diseases
1.5.4.1. miR-125 a and b in asthma
miR-125b has been reported to inhibit SAM pointed domain-containing ETS
transcription factor (SPDEF) at post-transcriptional levels thereby modulating
goblet cell differentiation and mucus secretion in asthma[373]. Li and his
colleagues revealed that miR-125a and IL-6R are perturbed in asthma patients,
which provides the basis for development of new therapeutic strategies against
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asthma. Furthermore, they identified a novel signal regulatory pathway,
GATA3/miR-125a/IL-6R and STAT3/FOXP3 which determines the response of
Treg cells to inflammatory IL-6-rich conditions[374].

A clinical study carried out in infants with acute RSV disease revealed that miR125a has important functions within NF-κB signaling and macrophage function.
The lack of downregulation of miR-125a in severe disease may help explain
differences in disease manifestations on infection with RSV[375]. Ronaldo et.al.,
identified that miR-125b levels were most predictive in allergic and asthmatic
status revealing its potential for use as a non-invasive biomarkers to diagnose
and characterize these diseases[376]. A recent study reported that the levels of
miR-21 and miR- 125b were inversely related to measures of lung function in
asthmatic subjects and were repressed by dexamethasone treatment[377].
miR-125b also prove in enhancing type I IFN expression through suppressing
4E-BP1 protein expression in airway epithelial cells, which potentially
contributes to mucosal eosinophilia in eosinophilic chronic rhinosinusitis without
nasal polyps[378].

1.5.4.2. miR-125 a and b in COPD
Wang et al., demonstrated the central role of miR-125a-5p in the development
of COPD along with various other miRs such as miR-106b-5p, miR-183-5p, and
miR-100-5p[379]. To the best of our knowledge, this is the only published study
highlighting the involvement of miR-125a-5p in COPD. The involvement of miR125a-5p has also been identified in GATA3/IL-6R and STAT3/FOXP3 regulatory
pathways which control IL-6 and STAT 3 expression via Treg cells in
asthma[380]. Overall, little is known regarding the role of miRs in COPD. This
area is gaining massive attention and rapidly expanding to understand their
roles in driving disease pathology in chronic inflammatory lung diseases.

1.5.4.3. miR-125 a and b in lung cancer
miR-125 family has been identified as either repressors or promoters in a
variety of carcinomas and other diseases. This family has been revealed to be
composed of three homologs hsa-miR-125a, hsa-miR-125b-1 and hsa-miR51

125-2[381]. All the members of this family have been reported to be involved in
various

cellular

processes

like

cell-differentiation,

proliferation

and

apoptosis[382]. All these processes normally occur by targeting transcription
factors[382], matrix-metalloprotease[383] and growth factors[384].miR-125b
was found in the serum of non-small cell lung cancer patients where it was
considered a promising biomarker for supplementing future screening
studies[385, 386]. miR-125a and miR-125b are also identified to be involved
with the regulation of tumor necrosis factor-alpha-induced protein 3 (TNFAIP3)
expression and consequently NF-κB activity. This pathway has been reported to
be involved in diffuse large B-cell lymphoma (DLBCL)[387]. Additionally, miR125b expression has been shown to be involved in NF-κB signalling and its
overexpression is related to an overall shorter survival of patients treated with
Temozolomide for the treatment of neoplasia[388].

1.6. HYPOTHESES AND AIMS
IAV is a severe and potentially life-threatening respiratory viral infection that has
caused three global pandemics in the 20th century[389]. IAV infection causes
enormous morbidity and mortality with high socio-economic consequences
worldwide. People with chronic lung diseases, such as asthma[141] and
COPD[143] are more susceptible to viral and IAV infections that subsequently
results in exacerbations of these diseases, leading to more severe symptoms
with increased risk of death[144, 390]. However, the immune mechanisms
driving susceptibility of these patients to IAV infection and consequent
exacerbations are largely unknown. Current management options including
vaccinations suffer from limitations including treatment unresponsiveness and
resistance as well as inability of vaccines to target all virus strains, which have
the tendency to alter their genetic makeup and undergo mutations. In addition,
current anti-IAV treatments are only efficacious if given within the first 48 h of
infection. This is normally before symptoms appear and are severe enough to
present to a clinic or hospital.

Thus, there is an urgent need to develop effective novel therapies for the
management of IAV infections, particularly in patients with underlying
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respiratory diseases such asthma and COPD. The primary objective of this
project was to determine the mechanisms responsible for increased
susceptibility to IAV infection in asthma and COPD, and understand how
infection causes exacerbations. These studies would potentially aid the
identification of novel therapeutic approaches.

1.6.1. Hypothesis
Chronic lung diseases, particularly asthma and COPD, predispose to more
severe IAV infection that subsequently exacerbates the underlying disease.

1.6.1.1. Asthma
To investigate the mechanisms in vivo, we established murine models of AAD
induced by either Ova or HDM[215, 391-393] and cigarette smoked-induced
experimental COPD[264, 274, 371] with subsequent IAV infection that mimicked
the pathological features of the human diseases.

Preliminary data from our laboratory using both Ova-induced and recombinant
IL-13 (rIL-13) induced-AAD mice models challenged with IAV infection
demonstrated that infection worsened the underlying disease by augmenting
viral load, lung eosinophils, MSC hyperplasia and AHR with concomitant
reduction in anti-viral cytokines. Our laboratory also investigated the therapeutic
potential of anti-IL-13 antibody in Ova-induced AAD mice infected with IAV.
Moreover, our laboratory also demonstrated increase in the levels of miR-21 in
the lungs of infection-induced severe steroid-insensitive AAD mice, which
reduced expression of PTEN (a miR-21 target). PTEN is an inhibitor of PI3K
and so miR-21 inhibition of PTEN subsequently potentiated PI3K activity. This
emphasised the role of miR-21 and PI3K as potential therapeutic targets in the
management of IAV infections in asthma.

Based on these preliminary data and studies performed in our laboratory, we
hypothesised that these effects were driven by IL-13 responses along with the
involvement of miR-21. This subsequently would increase viral entry, airway
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inflammation, mucus hypersecretion, and remodelling and reduce the levels of
protective anti-viral interferons leading to more severe infection.

We also proposed that inhibiting miR-21 would result in the improvement of
infection outcomes including reduced viral titre, inflammation and mucus
hypersecretion.

1.6.1.2. COPD
Our laboratory has previously demonstrated that the increased susceptibility to
IAV infection in COPD involved increased virus entry and deficient antiviral
responses that allowed increased virus replication thereby amplifying
inflammation and impairing lung function. These effects were identified to be
mediated by increased PI3K-p110α activity involving miR-21[371]. Moreover,
our laboratory has demonstrated increases in miR-21 expression using miRNA
microarray analysis across the 8-weeks of a smoke exposure time course
(weeks 2, 4, 6 and 8) in our well-established smoking mouse model. This was
further validated by qPCR, thus identifying miR-21 as a potential target involved
in COPD pathogenesis.

Our laboratory has also demonstrated increased expression of miR-125a and
miR-125b in pBECs isolated from COPD patients. We have also shown that
A20, (also known as TNF-α-inducing protein 3, TNFAIP3), a negative regulator
of NF-κB-mediated inflammation, functions by targeting Receptor Interacting
Protein 1 (RIP1) for degradation, and therefore suppresses NF-κB activation.
miR-125a and b have been shown to directly inhibit A20, leading to increased
NF-κB activation. It is currently unknown if A20 or miR-125a/b regulates type I
and III IFNs during IAV infections.

Thus, we hypothesised that miR-21, miR-125a and 125b regulated the
inflammatory responses and the pathogenesis of disease using various cells
signalling pathways, which we investigated in our CS-induced mouse model of
experimental COPD.
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1.6.2. Aims
The objectives of this study were to:
1. assess the role of immune system activation against IAV infection in
asthma and COPD with subsequent identification of the underlying
immune mechanisms involved.
2. elucidate the role of key factors (such as cytokines and miRs) involved in
immune mechanisms which can be targeted as potential therapies for the
management of IAV infections in patients with asthma, COPD and IAVinduced asthma and COPD exacerbations.

The studies that were performed to accomplish these aims were:
a) establishing and characterising a clinically relevant HDM-induced AAD
murine model to investigate the IAV-induced exacerbations in asthma.
b) elucidating the involvement of IL-13/IL-13Rα1 and miR-21 in AAD mice
following IAV infection.
c) investigating the potential of anti-IL-13 antibody, PI3K inhibitor
(LY294002) and specific antagomirs against miR-21 as novel therapeutic
interventions using Ova-induced experimental AAD.
d) elucidating the involvement of IL-13/IL-13Rα1, miR-21 and miR-125 a
and b in CS-induced experimental COPD following IAV infection.
e) investigating the potential of anti-IL-13 antibody and specific antagomirs
against

miR-21, miR-125a

and miR-125b

as

novel therapeutic

interventions using CS-induced experimental COPD.
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CHAPTER 2
IAV INFECTION EXACERBATES
HOUSE DUST MITE (HDM)INDUCED ALLERGIC AIRWAYS
DISEASE (AAD)
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2.1. ABSTRACT
IAV infections trigger severe exacerbations of asthma, which worsen the
disease symptoms and impair lung function. The immune mechanisms that
underpin these associations are incompletely understood. This study aimed to
establish and utilise a murine model HDM-induced AAD to investigate IAV
infection-induced exacerbations. Mice with experimental HDM-induced asthma
and infected with IAV had more severe infection with increased viral titre and
pulmonary tissue inflammation and elevated AHR, compared to non-allergic
controls. These processes were associated with increased Th2 cytokines,
impaired anti-viral immunity (reduced retinoic acid–inducible gene [RIG-I] and
IFN responses) along with remodelling features. Since this murine HDM model
of viral-induced asthma exacerbations replicates various human aspects of
HDM-induced asthma exacerbations, it has translational potential. It can be
used to understand the mechanisms involved in asthma exacerbations and
corticosteroid insensitivity that have clear utility in identifying newer therapeutic
interventions.

2.2. INTRODUCTION
Asthma is a complex, chronic inflammatory lung disease characterised by
airflow obstruction, AHR, shortness of breath, coughing, chest tightness and
wheezing[394]. Asthma exacerbations are typically caused by infection and
result in significant worsening of underlying symptoms[395]. These events are
common in patients with asthma regardless of disease severity but are most
frequent in patients with severe disease[396]. Exacerbations negatively impact
the quality of life[397] and are a major cause of hospitalisations leading to
significant healthcare costs[398]. Conventional approaches to controlling mild to
moderate asthma include inhalational corticosteroids (ICS), long-acting β2
agonist (LABA) and oral corticosteroids (OCS)[399, 400] however, these
therapies are not effective in managing asthma exacerbations, leading to the
urgent need for novel therapeutic interventions.
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Globally, IAV infections are a major health problem because of the rapidity with
which it can spread, the brevity of immunity it confers and its genetic
variability[206]. IAV infections are a common cause of asthma exacerbations
that further worsen the symptoms and increases mortality. IAVs mutate rapidly
which causes variation in their virulence from year to year. Limited immunity of
the population against these new strains and subtypes further augments the
complications and disease severity.

Seasonal influenza causes 250,000-500,000 deaths annually and influenza
pandemics are a major and frequent additional problem[131]. There has been
an emergence of novel or re-emergence of ancient IAVs in the last decade,
including pandemics caused by highly pathogenic avian influenza H5N1 in
2003, the swine-origin influenza H1N1 (H1N1/09) in 2009 and H7N9 in 2013.
These viruses induce higher mortality rates than the seasonal IAVs, with a
mortality rate to up to 70% in human infections of H5N1. In Australia, H1N1/09
resulted in approximately 18,000 deaths, representing a 7-fold increase in
mortality rates[139]. In the United States, the economic loss caused by IAVs,
without effective medical intervention, was estimated to $187USD (approx.
$202AUD) per capita per year[140, 401]. Current prevention and treatments
have serious limitations. Vaccinations and antiviral drugs have reduced efficacy
in chronic respiratory diseases like asthma and COPD[402-404]. The impact of
these factors contributes to placing influenza as a high priority concern in global
healthcare and medical research.

Numerous studies have been performed to investigate the mechanisms of
increased susceptibility and disease features induced by respiratory infections
in allergic airway diseases (AAD) and that have aimed to develop potential
therapeutic interventions[405-409]. Typically, the models used to understand
the pathological processes and their influence on airway immune responses
use systemic sensitisation to Ova-albumin (protein from chicken egg) with a
Th2-inducing adjuvant (aluminium hydroxide, Al(OH)3). This does not simulate
the levels of sensitisation as observed with aeroallergens such as pollen,
moulds and HDM. The Ova model also needs prior i.p. sensitization, in contrast
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to the HDM model. Another limitation associated with the use of Ova is that
human subjects not frequently allergic to chicken egg protein unless it is a food
allergy[410]. HDM (Dermatophagoides pteronyssius and D. farinae) are
frequent human aeroallergens, and are associated with the induction of asthma,
rhinitis, dermatitis and other allergic diseases. HDM has been shown to induce
allergic reactions via allergen-specific CD4+ Th2 lymphocytes[410-413].

The kinetics of various hallmark features including viral titre, airway
inflammation and AHR was performed at 3, 7 and 10 dpi in experimental AAD
model (OVA) established in our laboratory. The pathological features were first
detected in the lungs at 3 dpi, peaked at 7dpi and resolved by 10 dpi. Thus, we
focused our studies at 3 dpi when viral titre, airway inflammation and AHR were
first detectable in the model. This formed the basis of selection of 3 dpi as a
time point in HDM model. The HDM model is expected to mimic the OVA model
and thus we assume it to wane over time. Since, we did not perform the kinetics
of pathological features in HDM-model it is difficult to comment on
efficient/comparable IAV clearance. However, it is likely to be similar to the Ova
model.

Thus, this study aimed to establish and characterise a murine model of HDMinduced AAD and to investigate IAV-induced exacerbations. We used this
model to investigate the complex relationship between viral infection and host’s
immune responses in AAD.

2.3. METHODS
2.3.1. Ethics statement
This study was performed in strict accordance with the recommendations in the
Australian code of practice for the care and use of animals for scientific
purposes issued by the National Health and Medical Research Council of
Australia. All protocols were approved by the Animal Ethics Committees of The
University of Newcastle.
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2.3.2. Mice
Six to eight-week old specific pathogen-free (SPF) female BALB/c mice were
used in all the experiments. Animals were obtained from The University of
Newcastle Animal Services Unit, the Animal Resources Centre (Perth,
Australia) or Australian Bio Resources (Moss Vale, Australia) and were given
access to food and water ad libitum. Animals were housed in individually
ventilated cages in a specific pathogen-free facility with controlled environment
of 12 h light and dark cycles.

2.3.3. Induction of AAD
Mice

were

sensitised

intranasally

(i.n.)

with

50

μg

HDM

extract

(Dermatophagoides pteronyssinus, Greer Labs, Lenoir, North Carolina, USA) in
200 μl sterile phosphate buffered saline (PBS). Mice were then challenged with
HDM (5 μg in 50 μl sterile PBS) under isofluorane anaesthesia 12-15 days later
by i.n. administration. Control mice were sham sensitised with PBS (Figure 2.1).

2.3.4. IAV infection
On the last day of HDM challenge, groups of mice were anaesthetised with
isofluorane and infected i.n. with 7.5 plaque forming units (PFUs) of mouseadapted H1N1 IAV A/PR/8/34 (WHO Collaborating Centre for Reference and
Research of Influenza, Victoria, Australia) in 50µl of media vehicle (Ultra MDCK,
Lonza, NJ, USA). Controls were sham-inoculated with media. Mice were
sacrificed at 3 days post infection (dpi, Figure 2.1).
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Figure 2.1. Experimental protocol of HDM-induced AAD and IAV infection.
BALB/c mice were sensitised with HDM or PBS (Sham), challenged with HDM, and inoculated with IAV A/PR/8/34 (7.5 pfu) or
media (Sham) on the last day of HDM challenge. Mice were sacrificed 3 dpi.
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2.3.5. Plaque assay
Madin-Darby Canine Kidney (MDCK) cells were grown until approximately 70%
confluence was achieved. The cells were then washed with Dulbecco’s
Phosphate Buffered Saline (DPBS; Sigma Aldrich) three times. The cells were
submerged in Leibovitz’s L-15 (L-15) medium (Invitrogen) supplemented with 2[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulphonic acid (HEPES; Invitrogen)
and N-p-tosyl-L-phenylalanine chloromethyl ketone treated trypsin (trypsinTPCK: Invitrogen). Bronchoalveolar lavage fluid (BALF) samples were serially
diluted in L-15 medium, which had been supplemented with HEPES and were
added to the cells. After 60 minutes of incubation (37°C, 5% CO2), the inocula
were removed. A thin overlay of 1.8% agarose in L-15 medium containing
trypsin-TPCK (Invitrogen) was placed on to the cell monolayers. After 48 h of
incubation, plaques were stained with 0.1% crystal violet and counted[190, 371,
414, 415].

2.3.6. Histopathology
Lungs were formalin fixed, embedded and sectioned. Longitudinal sections
were stained with H&E (for histopathology), periodic acid-Schiff (PAS-for MSC
numbers) or Lendrum's Carbolchromotrope (for eosinophils). Histopathology
(tissue-inflammation) was scored in a blinded fashion according to a set of
custom-designed criteria (Table 2.1). Eosinophils and MSC numbers were
enumerated in inflamed airways as previously described[416].

2.3.7. Protein isolation
Proteins were extracted from whole lungs. Briefly, tissues were homogenised in
500 μl of sterile Dulbecco’s phosphate-buffered saline (Life Technologies,
Mulgrave, Victoria, Australia) supplemented with PhoSTOP phosphatase and
Complete ULTRA protease inhibitors cocktails (Roche Diagnostics, Manheim,
Germany) using a Tissue Tearor stick homogeniser (BioSpec Products,
Bartesville, Oklohama, USA) on ice. Homogenates were then centrifuged
(8000xg, 10 minutes, 4°C)[274]. Supernatants were collected and stored at 20°C for assessment by enzyme-linked immunosorbent assay (ELISA) or multianalyte flow assay kits.
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Table 2.1. Histopathological scoring system for mouse lungs.
Score 1: Airway inflammation Score (/4)
0 = Lack of inflammatory cells around airways - Absent
1 = Some airways have small numbers of cells - Mild
2 = Some airways have significant inflammation - Moderate
3 = Majority of airways have some inflammation - Marked
4 = Majority of airways are significantly inflamed – Severe
Score 2: Vascular inflammation Score (/4)
0 = Lack of inflammatory cells around vessels - Absent
1 = Some vessels have small numbers of cells - Mild
2 = Some vessels have significant inflammation - Moderate
3 = Majority of vessels have some inflammation - Marked
4 = Majority of vessels are significantly inflamed – Severe
Score 3: Parenchymal inflammation (at 10X magnification) Score (/5)
0 = <1% affected
1 = 1-9% affected
2 = 10-29% affected
3 = 30-49% affected
4 = 50-69% affected
5 = >70% affected
Total score = Score 1 + Score 2 + Score 3 = /13

2.3.8. Cytokine concentrations in lungs
Protein concentrations in BALF supernatants were determined for various
cytokines (IL-5, IL-13, IL-25, IL-33, TSLP and IFN-β and IFN-λ using mouse
DuoSet ELISA kits (R&D systems, Minneapolis, USA) according to the
manufacturer’s instructions. Th2-type cytokine IL-4 was not measured as it is
produced at low levels in mice, it can be considered for future investigations.

2.3.9. Total RNA extraction
Total RNA was extracted from whole lungs by guanidinium thiocyanate phenol
chloroform (TRIzol) extraction[417]. Lung tissues harvested from mice were
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stored in RNA Stabilisation Reagent, RNAlater (Qiagen, Chadstone Centre,
Australia) prior to extraction. Tissues were transferred into 5 ml tubes containing
1 ml of TRIzol solution (Ambion, Thermo Fisher Scientific), carefully ensuring
minimal RNAlater carry over. Tissues were then homogenised at 4oC,
transferred to 1.5 ml microcentrifuge tubes and centrifuged (12,000xg, 10
minutes, 4°C). The clear homogenates were then transferred into fresh
microcentrifuge tubes and supplemented with 250 µl chloroform to separate
RNAs from proteins. The microcentrifuge tubes were then pulse-vortexed for
approximately 5 seconds, until the solutions were homogenous. Solutions were
incubated at room temperature for 10 minutes before being centrifuged
(12,000xg, 15 minutes, 4oC). The resulting aqueous phase was then transferred
into fresh 1.5 ml microcentrifuge tubes and supplemented with 500 µl of cold
isopropyl alcohol to precipitate the RNA. The solutions were again pulsevortexed, incubated (room temperature, 10 minutes), and centrifuged at (12
000xg, 10 minutes, 4oC). Supernatants were discarded and the RNA pellets
were washed with 1 ml of 75% (v/v) ethanol. The solutions were then pulsevortexed to dislodge the pellets and to wash out trapped contaminants and
centrifuged (7,500xg, 5 minutes, 4oC). A second wash was performed to
remove any carbohydrate/phenol-based contaminants. Pellets were then
allowed to air dry (15 minutes, 4oC). Pellets were eventually resuspended with
75-100 µl nuclease free water (Ambion, Thermo Fisher Scientific). The
concentration of mRNA was measured using a NanoDrop Spectrophotometer
(ND-1000, v3.8.0 Bio Lab, NanoDrop Technologies, DE, USA).

2.3.10. Reverse transcription
1000 ng of RNA in 8 µl of nuclease free water (Ambion) was prepared to
generate complementary DNA (cDNA). mRNA samples were mixed with 1 µl of
10X reaction buffer (Bioline, Alexandria, Australia) and 1 µl of amplification
grade DNAse I (Sigma Aldrich) and were incubated (room temperature, 15
minutes). 1 µl of DNAse Stop Solution (Sigma Aldrich) was added into the
mixture, and the samples were heated at 65oC for 10 minutes to inactivate and
denature the DNAse I. The samples were then added with 2 µl of 50 ng/ml
random hexamer primers (Invitrogen) and 1 µl of 2.5mM dNTPs (Invitrogen),
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and incubated (5 minutes, 65oC). The samples were allowed to cool to 25oC,
and 4 µl of 5X reaction buffer, 1 µl of DTT (Bioline), 1 µl of nuclease free water,
and 1 µl of Bioscript (Bioline) were added. The samples were then heated at
25oC for 20 minutes, 42oC for 50 minutes and 70oC for 15 minutes. The
samples were finally resuspended with 500 µl of nuclease free water.

2.3.11. Quantitative real-time Polymerase Chain Reaction (qPCR)
qPCR was performed to determine the relative abundance of cDNA in samples
compared to the reference gene HPRT. qPCR cycles were performed using a
Mastercycler Eppendorf RealPlex 2 System (Eppendorf South Pacific, North
Ryde, Australia) or ViiA 7 Real-Time PCR System (Life Technologies, Thermo
Fisher Scientific). Sample cDNA (2 µl) was added to a mixture containing 3 µl
SYBR Green and ROX as a passive reference dye (SYBR Green ERTM
reagent system, Invitrogen), 0.5 µl (10 µM) of each forward and reverse primers
(Integrated DNA Technologies, Baulkham Hills, Australia, Table 2.2) and 4 µl of
nuclease free water (Ambion), to make a total of 10 µl reaction volume.

Cycling conditions used for Mastercycler Eppendorf RealPlex 2 System were:
holding stages at 50 °C for 2 minutes and 95 °C for 2 minutes; cycling stages at
95 °C for 15 seconds and 60 °C (variable) for 30 seconds (cycling stages were
repeated for 40 cycles); melt curve/dissociation stages at 95 °C for 15 seconds,
60 °C (variable) for 15 seconds, 95 °C for 8 minutes and 95 °C for 15 seconds.
Cycling conditions used for ViiA 7 Real-Time PCR System were: holding stage
at 95 °C for 30 seconds; cycling stages at 95 °C for 15 seconds and 60 °C
(variable) for 30 seconds (cycling stages were repeated for 40 cycles); melt
curve/dissociation stages at 95 °C for 15 seconds, 60 °C (variable) for 15
seconds and 95 °C for 15 seconds. The threshold value (Ct value) for each
sample was measured as the number of cycles needed for the specific
fluorescent signals to cross “threshold”, which is a value that is set above the
background levels of fluorescence (background “noise”). The Ct value from
each gene was normalised against the constant housekeeping gene, the HPRT
gene.
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Table 2.2. Custom designed primers used in qPCR analysis
Forward (5’→3’)

Reverse (5’→3’)

AGG CCA GAC TTT GTT

CAA CTT GCG CTC ATC TTA

GGA TTT GAA

GGC TTT

RIG-I

ACA AAC CAC AAC CTG

TGG CGC AGA ATA TCT TTG

(Ddx58)

TTC CTG ACA

CTT TCT

CAC AGT CAG AGT AAG

ATG GTG GTG TAG AAG GTG

AGT CAA AAC A

GA

Primer
HPRT

IL-13Rα1

CTTCACCTACAGCACCCTT

GCTATCCACTGGGCAGTAAA
GC
TGACTGTCTTGCCCCAAGTT

GTG

C

Fibronectin TGTGGTTGCCTTGCACGAT
Col1a1

2.3.13. Airway remodelling
Lungs were formalin fixed, embedded and sectioned. Longitudinal sections
were stained with H&E, Verhoff’s-Van Gieson (VVG) stain (Australian Biostain)
or Masson’s Trichrome. Airway epithelial area (μm2) and area of collagen
deposition (μm2) was assessed in a minimum of four small airways (basement
membrane (BM) perimeter <1000 μm) per section[264, 274, 418]. Data were
normalised to BM perimeter (μm) and quantified using ImageJ software
(Version 1.49h, NIH, New York City, USA).

2.3.14. Soluble collagen
Soluble collagen in mouse lungs was determined using a Sircol Collagen Assay
kit (Biocolor) according to the manufacturer’s instructions. Briefly, lungs were
weighed and homogenised in pepsin (Sigma-Aldrich, 0.1 mg/ml in 0.5 M acetic
acid) for 24 h at 4°C. Supernatants were collected after centrifugation (150xg,
10 minutes). Sircol dye reagent was added with shaking for (room temperature,
30 minutes) and was again centrifuged. Pellets were suspended in alkali
reagent from the kit. Optical density was measured at 550 nm, and the
concentrations of soluble collagen were compared with standard solutions and
a standard curve provided by the manufacturers[419].
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2.3.14. Lung function
AHR was measured in anaesthetised mice using whole body invasive
plethysmography

(Buxco

electronics,

Sharon,

Connecticut,

USA)

by

determination of the peak of transpulmonary resistance in response to
increasing doses of nebulised methacholine (Sigma-Aldrich) as previously
described[210, 211].

2.3.15. Statistical analyses
Data were expressed as mean ± standard error of the mean (SEM) from 6-8
mice in each group and are representative of at least two or more independent
experiments. Non-normally distributed data were analysed using nonparametric equivalents and summarised using the median and inter-quartile
range. Comparisons between two groups were made using a two-tailed MannWhitney Test. Multiple comparisons were made using one-way ANOVA with
Tukey’s post-test, or Kruskal-Wallis with Dunn’s post-test, where nonparametric analyses were appropriate. Analyses were performed using
GraphPad Prism Software version 6 (GraphPad Software, CA, USA). A p-value
of < 0.05 was considered significant.

2.4. RESULTS
2.4.1. HDM-induced AAD predisposes to severe IAV infection
To investigate whether AAD predisposes to IAV infection, specific pathogenfree BALB/c mice were sensitised i.n. to HDM, and subsequently challenged i.n.
with HDM 12-15 days after sensitisation. On the last day of HDM challenge,
mice were infected i.n. with 7.5 pfu of mouse-adapted IAV H1N1 A/PR/8/34
strain (HDM+PR8). Controls were sham-inoculated (with media) and HDMsensitised (HDM), or were infected and PBS-sensitised (PR8), or shaminoculated and PBS-sensitised (Control). Mice were sacrificed 3 dpi (Figure 2.1)
and viral titres assessed by plaque assay. A significant increase in viral titre was
observed in infected mice with AAD (HDM+PR8) at 3 dpi compared to infected
non-allergic controls (PR8) (Figure 2.2). This indicates that AAD following IAV
infection leads to increased viral titre in the lung.
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2.4.2. IAV infection leads to severe tissue inflammation, increase in
mucus secreting cells (MSCs) and lung eosinophils in AAD
At 3dpi, non-infected allergic mice (HDM) had significantly increased
histopathological score indicative of increased lung tissue inflammation
compared to sham-inoculated non-allergic controls (Sham, Figure 2.3). Infected
non-allergic mice (PR8) also had significantly increased histopathological
scores compared to sham-inoculated non-allergic controls. Infected mice with
AAD

(HDM+PR8)

had

significantly

increased

histopathological

scores

compared with sham-inoculated non-infected non-allergic control, shaminoculated allergic (HDM) and infected non-allergic (PR8) controls Figure 2.3.

At 3dpi, non-infected allergic mice had increased numbers of MSCs around the
airways compared to non-infected non-allergic controls. The infected mice with
AAD had even significantly greater number of MSCs compared with shaminoculated non-infected non-allergic control, sham-inoculated allergic and
infected non-allergic controls (Figure 2.4).

At 3dpi, sham-inoculated allergic mice also had higher numbers of lung
eosinophils compared with sham-inoculated non-allergic controls. Infected mice
with AAD had even significantly higher numbers of lung eosinophils compared
to sham-inoculated non-infected non-allergic control, sham-inoculated allergic
and infected non-allergic controls (Figure 2.5).
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Figure 2.2. Viral titre at 3 dpi.
BALB/c mice were sensitised with HDM or PBS (Sham), challenged with HDM,
and inoculated with IAV A/PR/8/34 (7.5 pfu) or media (Sham) on the last day of
HDM challenge. Mice were sacrificed 3 dpi. Data are presented as mean ± SEM
(n=6); # represents P≤0.05 versus PR8 control groups.
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Figure 2.3. IAV infection exacerbates lung tissue inflammation in HDM-induced AAD.
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BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with HDM and inoculated with IAV A/PR/8/34 (7.5 pfu,
PR8, HDM+PR8) or media (control, HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi. (A) Total, (B) airway, (C)
parenchymal and (D) vascular inflammation score in haematoxylin and eosin (H&E) stained lung sections. (E) Representative
images (10X) of lung sections; Scale bar = 200 µm. Data are presented as mean ± SEM (n=6-8); *, # and δ represents P≤0.05
versus sham, PR8 and HDM groups, respectively.
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Figure 2.4. IAV infection increased the numbers of MSCs in HDM-induced
AAD.
BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with
HDM and inoculated with IAV A/PR/8/34 (7.5 pfu, PR8, HDM+PR8) or media
(HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi. (A) MSC
numbers per 100 μm basement membrane (BM) in periodic acid-Schiff (PAS)
stained lung sections. (B) Representative images (20X) of lung sections; Scale
bar = 50 μm. Data are presented as mean ± SEM (n=6-8); *, # and δ represents
P≤0.05 versus sham, PR8 and HDM groups respectively.
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Figure 2.5. IAV infection leads to increased numbers of tissue eosinophils
in HDM-induced AAD.
BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with
HDM and inoculated with IAV A/PR/8/34 (7.5 pfu, PR8, HDM+PR8) or media
(control, HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi.
Data are presented as mean ± SEM (n=6); *, # and δ represents P≤0.05 versus
sham, PR8 and HDM groups respectively.
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2.4.3. IAV infection induces IL-13Rα1 expression and levels of Th2associated cytokines following HDM-induced AAD
We have demonstrated that IAV infection in AAD leads to severe tissue
inflammation and increased numbers of MSCs and lung eosinophils. We then
assessed if increases in IL-13 responses is a likely mechanism of increased
MSCs and eosinophils.
To do this we assessed the protein levels of IL-13, its receptor IL-13Rα1 and
other Th2-associated cytokines such as IL-5, IL-33 and TSLP. At 3dpi, in shaminoculated allergic controls, AAD leads to a non-significant trend towards
increases in IL-13 compared with the sham-inoculated non-allergic controls
(Figure 2.6A). In infected non-allergic mice (PR8), there was a decrease in IL13 compared to sham-inoculated non-allergic controls. Infected mice with AAD
(HDM+PR8) also had significantly increased levels of IL-13 compared with
infected non-allergic, but not sham-inoculated allergic controls and shaminoculated non-allergic controls (Figure 2.6A).

At 3dpi, AAD leads to a non-significant trend towards increases in IL-13Rα1
compared with the sham-inoculated non-allergic controls (Figure 2.6B). In
infected non-allergic mice (PR8), there was a statistical increase in IL-13Rα1
compared to sham-inoculated non-allergic controls. No change was observed in
levels of IL-13Rα1 in the infected mice with AAD (HDM+PR8) compared with
sham-inoculated non-allergic controls and sham-inoculated allergic controls.
However a non-significant decrease in IL-13Rα1 was observed in infected mice
with AAD compared with infected non-allergic mice (Figure 2.6B).

Moreover, other Th2-associated cytokines assessed in the study include IL-5,
IL-33 and TSLP. At 3dpi, in sham-inoculated allergic controls, AAD leads to a
significant increase in IL-5 compared with the sham-inoculated non-allergic
controls (Figure 2.6C). In infected non-allergic mice (PR8), there was a
decrease in IL-5 compared to sham-inoculated non-allergic controls. Infected
mice AAD (HDM+PR8) also had increased levels of IL-5 compared with infected
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non-allergic, but not sham-inoculated allergic controls and sham-inoculated
non-allergic controls (Figure 2.6C).

At 3dpi, a statistically significant increase in IL-33 levels was observed in shaminoculated allergic and infected non-allergic (PR8) mice, compared with the
sham-inoculated non-allergic controls. Infected mice with AAD (HDM+PR8) had
significantly increased levels of IL-33 compared with sham-inoculated nonallergic controls, infected non-allergic and sham-inoculated allergic controls
(Figure 2.6D).

At 3dpi, no change in the levels of TSLP was observed among sham-inoculated
non-allergic controls, sham-inoculated allergic controls and infected mice with
AAD (HDM+PR8) (Figure 2.6E). In infected non-allergic mice (PR8), there was
a significant decrease in TSLP compared to sham-inoculated non-allergic
controls. Infected mice with AAD (HDM+PR8) had significantly increased levels
of TSLP compared with infected non-allergic mice (Figure 2.6E).

2.4.4. HDM-induced AAD impairs antiviral responses to IAV infection
We then assessed the impact of AAD on antiviral responses. At 3dpi, infected
non-allergic but not sham-inoculated allergic mice had significantly increased
expression of RIG-I compared with sham-inoculated non-allergic controls.
Similarly, increased expression of RIG-I was observed infected mice with AAD
compared to sham-inoculated non-allergic control and sham-inoculated allergic
mice (Figure 2.7A).

At 3dpi, infected non-allergic mice had significantly increased expression of
antiviral IFN responses (IFN-α4, IFN-β and IFN-λ) to IAV infection compared
with sham-inoculated non-allergic controls. However, antiviral IFN responses
IFN-α4 and IFN-λ but not IFN-β was observed to be significantly reduced in
infected mice with AAD compared to infected non-allergic mice (Figure 2.7B-E).
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Figure 2.6. IAV infection induces IL-13Rα1 expression and levels of Th2associated cytokines following HDM-induced AAD .
BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with
HDM and inoculated with IAV A/PR/8/34 (7.5 pfu, PR8, HDM+PR8) or media
(control, HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi.
(A) IL-13 in lung homogenates; (B) IL-13α1 mRNA; (C) IL-5, (D) IL-33 and (E)
TSLP in lung homogenates. Data are presented as mean ± SEM (n=6); *, #
and δ represents P≤0.05 versus sham, PR8 and HDM groups, respectively.
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Figure 2.7.

HDM-induced AAD impairs antiviral IFN responses to IAV

infection.
BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with
HDM and inoculated with IAV A/PR/8/34 (7.5 pfu, PR8, HDM+PR8) or media
(control, HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi.
(A) RIG-I; (B) IFN-α4; (C) IFN-β in lung homogenates; (D) IFN-λ in lung
homogenates; (E) IFN-λ in BALF. Data are presented as mean ± SEM (n=6-8);
*, # and δ represents P≤0.05 versus sham, PR8 and HDM groups, respectively.
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2.4.5. IAV infection leads to airway remodelling following HDMinduced AAD
Infection in allergic mice increased tissue inflammation (Figure 2.2). This may
have damaging consequences on the lung tissue and may increase airway
remodelling in AAD. Thus, we assessed various remodelling features such as
the area of epithelial cells, collagen and fibronectin levels and deposition in
whole lungs and around the small airways.

Sham-inoculated allergic controls had significantly increased soluble collagen
levels compared to sham-inoculated non-allergic controls. Soluble collagen
levels were observed to be increased significantly in infected mice with AAD
compared to sham-inoculated non-allergic mice (sham) and infected nonallergic but not with sham-inoculated allergic control (Figure 2.8 A).

Also,

similar trend was detected with the qPCR validating the mRNA levels of type I
collagen-1 (Col-1), the most abundant collagen (Figure 2.8 B) and fibronectin
(Figure 2.8C).

Sham-inoculated allergic controls had significantly increased small airway
epithelial cell area, indicating increases in airway epithelial cell thickness
compared to sham-inoculated non-allergic controls. Infected mice with AAD had
even greater small airway epithelial cell area compared with infected nonallergic controls and sham-inoculated allergic mice, however the later did not
reach statistical significance (Figure 2.8 D).

Sham-inoculated allergic and infected non-allergic mice had increased collagen
deposition compared with sham-inoculated non-allergic controls. Infected mice
with AAD had even greater collagen deposition compared with sham-inoculated
allergic and infected non allergic controls (Figure 2.8 E and F).

2.4.6. IAV infection leads to increased AHR following AAD
We then assessed the cumulative impact of disease features on AHR. At 3dpi,
in sham-inoculated allergic mice, HDM challenge induced increases in
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transpulmonary resistance compared to sham-inoculated non-allergic controls
(Figure 2.9 A). In the infected non allergic group, PR8 infection also induced
increases in transpulmonary resistance compared to sham-inoculated non
allergic control. Infection in allergic mice induced significant further increases in
transpulmonary resistance compared with sham-inoculated non-infected nonallergic control and sham-inoculated allergic, but not infected only controls.

At 3dpi, in sham-inoculated allergic mice, HDM challenge induced decrease in
dynamic compliance compared to sham-inoculated non-allergic controls (Figure
2.9 B). In the infected non allergic group, PR8 infection also induced decrease
in dynamic compliance compared to sham-inoculated non allergic control. The
infected mice with AAD demonstrated significantly reduced dynamic compliance
compared

to

sham-inoculated

non-infected

non-allergic

control,

sham-

inoculated allergic controls and infected non-allergic controls (Figure 2.9 B).

2.4.7. Remodelling studies and effect of corticosteroids on HDMinduced AAD and IAV infection
Our investigations of HDM-induced AAD and secondary IAV infection have
shown that infection following HDM challenge results in significant airway
remodelling. This is characterised by numbers of MSCs around the airways
(Figure 2.4) and increased collagen deposition (Figure 2.8). This suggests that
airway remodelling is primarily occurring due to HDM, and the infection only
increased MSCs and collagen deposition around the small airways.

This phenotype is a characteristic of severe human asthma that is not
responsive to the current mainstay therapy of inhaled corticosteroids. Since,
AAD wains over time, so to recapitulate additional re-challenges and assess the
impact of ICS after infection we performed a study to investigate whether an
IAV infection in AAD followed by additional allergen exposures causes severe
asthma with airway remodelling that is not responsive to steroids. This mirrors
an allergen-induced exacerbation.

79

HDM-induced AAD and IAV infection was extended. HDM-induced mice were
infected with IAV A/PR8/8/34 (7.5 pfu; day 0) and 11-14 days later were rechallenged with (HDM 5 μg in 50 μl sterile PBS) and concurrently treated with
dexamethasone (Dex; 2mg/kg) i.n (Figure 2.10). Mice were sacrificed after 24h
and assessed.

We found that an additional challenge of the allergen (HDM) following HDMinduced AAD and IAV infection (HDM+PR8+HDM+vehicle) induced greater
histopathology

score

(Figure

2.11)

compared

to

Sham

(PBS+Sham+HDM+Vehicle). However, a non-statistical trend towards increase
in inflammatory score was observed in allergen rechallenge following HDMinduced AAD and IAV infection (HDM+PR8+HDM+Vehicle) compared with
allergen (HDM+Sham+HDM+Vehicle) and infection (PBS+PR8+HDM+Vehicle)
alone (Figures 2.11).

We demonstrated an increase in number of MSCs in mice rechallenged with
allergen

(HDM)

following

HDM-induced

AAD

and

IAV

infection

(HDM+PR8+HDM+vehicle) compared to Sham (PBS+Sham+HDM+Vehicle)
and infection (PBS+PR8+HDM+Vehicle) alone groups. However, there were no
differences compared to the allergen (HDM+Sham+HDM+Vehicle) alone group
(Figures 2.12).

No difference was observed in any of the investigated groups for collagen
deposition or small airway epithelial thickening (Figures 2.13 and2.14).

Co-administration

of

additional

allergen

challenge

along

with

i.n.

dexamethasone attenuated pulmonary inflammation (Figure 2.11). In contrast,
dexamethasone treatment failed to suppress remodelling features in rechallenged non-infected allergic and infected non-allergic mice as well as
allergic and infected groups (Figure 2.12-14).
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Figure 2.8. IAV infection leads to remodelling in AAD.
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BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with HDM and inoculated with IAV A/PR/8/34 (7.5 pfu,
PR8, HDM+PR8) or media (control, HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi. (A) Soluble collagen in
whole lung; (B) Col-1 mRNA expression in lung homogenate; (C) Fibronectin mRNA expression in lung homogenates; (D) Small
airway epithelial thickness in terms of epithelial cell area (µm2)/basement (BM) perimeter in haematoxylin and eosin stained lung
sections; (E) Area of collagen deposition (µm2/BM perimeter) in Verhoeff-van Gieson stained lung sections; (F) Representative
images (40X) of Verhoeff-van Gieson stained lung sections; Scale bar = 50µm; (G) Area of collagen deposition (µm2/BM perimeter)
in Masson’s Trichome stained lung sections; (H) Representative images of Masson’s Trichome stained lung sections; Scale bar =
200µm. Data are presented as mean ± SEM (n=6); *, # and δ represents P≤0.05 versus sham, PR8 and HDM groups, respectively.

;

82

Figure 2.9. IAV infection increases AHR in AAD.
BALB/c mice were sensitised with HDM (HDM) or PBS (sham), challenged with
HDM and inoculated with IAV A/PR/8/34 (7.5 pfu, PR8, HDM+PR8) or media
(control, HDM) on the last day of HDM challenge. Mice were sacrificed 3 dpi.
(A) transpulmonary resistance and (B) dynamic compliance. Data are
presented as mean ± SEM (n=6); *, # and δ represents P≤0.05 versus sham,
PR8 and HDM groups respectively.
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Figure 2.10. Remodeling studies and effect of corticosteroids on HDM-induced AAD and IAV infection.
BALB/c mice were sensitised to HDM and subsequently challenged with HDM. On the last day of HDM challenge, mice were
infected with IAV A/PR8/8/34 (7.5 pfu; day 0). BALB/c mice were rested for 10 days. Subsequently, from day 11 until day 14 after
infection, mice were re-challenged with (HDM 5 μg in 50 μl sterile PBS) and concurrently treated with dexamethasone (Dex;
2mg/kg) intra-nasally. Mice were sacrificed and assessed after 24h.
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Figure 2.11. Allergen re-challenge increased pulmonary inflammation in AAD with IAV infection, which could be attenuated
by intranasal dexamethasone treatment.
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BALB/c mice were sensitised to HDM and subsequently challenged with HDM. On the last day of HDM challenge, mice were
infected with IAV A/PR8/8/34 (7.5 pfu; day 0). Subsequently, from day 11 until day 14 after infection, mice were re-challenged with
(HDM 5 μg in 50 μl sterile PBS) and concurrently treated with dexamethasone (Dex; 2mg/kg) intra-nasally. Mice were sacrificed
after 24h. (A) Total, (B) airway, (C) parenchymal and (D) vascular inflammation score in Periodic acid-Schiff (PAS) stained lung
sections; (E) Representative images (10X) of PAS stained lung sections; Scale Bar= 200µm. Data are presented as mean±SEM
(n=4); *, # and δ represents P≤0.05 versus PBS+Sham+HDM+Veh and HDM+Sham+HDM+Veh, PBS+PR8+HDM+Veh groups
respectively.
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Figure 2.12. Allergen re-challenge increased the numbers of MSCs in AAD with IAV infection, which was not affected by
intranasal dexamethasone treatment.
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BALB/c mice were sensitised to HDM and subsequently challenged with HDM. On the last day of HDM challenge, mice were
infected with IAV A/PR8/8/34 (7.5 pfu; day 0). Subsequently, from day 11 until day 14 after infection, mice were re-challenged with
(HDM 5 μg in 50 μl sterile PBS) and concurrently treated with dexamethasone (Dex; 2mg/kg) intra-nasally. Mice were sacrificed
after 24h and assessed. (A) MSCs number per 100 µm basement membrane (BM) in Periodic acid-Schiff stained lung sections (B)
Representative images (40X) of stained lung sections; Scale Bar= 200µm. Data are presented as mean ± SEM (n=4); *, #, δ and γ
represents P≤0.05 versus PBS+Sham+HDM+Veh, HDM+Sham+HDM+Veh, PBS+PR8+HDM+Veh and HDM+PR8+HDM+Veh
groups, respectively.
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Figure 2.13. IAV infection influences collagen deposition around small airways following AAD.
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BALB/c mice were sensitised to HDM and subsequently challenged with HDM. On the last day of HDM challenge, mice were
infected with IAV A/PR8/8/34 (7.5 pfu; day 0). Subsequently, from day 11 until day 14 after infection, mice were re-challenged with
(HDM 5 μg in 50 μl sterile PBS) and concurrently treated with dexamethasone (Dex; 2mg/kg) intra-nasally. Mice were sacrificed
after 24h and assessed. (A) Area of collagen deposition (µm2) per BM perimeter in Masson’s trichome stained lung sections; (B)
Representative images (40X) of Masson’s trichome stained lung sections; Scale Bar= 50µm. Data are presented as mean ± SEM
(n=4); * , #, δ and γ represents P≤0.05 versus PBS+Sham+HDM+Veh, HDM+Sham+HDM+Veh, PBS+PR8+HDM+Veh and
HDM+PR8+HDM+Veh groups respectively.
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Figure 2.14. IAV infection influences small airway epithelial thickness
following AAD.
BALB/c mice were sensitised to HDM and subsequently challenged with HDM.
On the last day of HDM challenge, mice were infected with IAV A/PR8/8/34 (7.5
pfu; day 0). Subsequently, from day 11 until day 14 after infection, mice were
re-challenged with (HDM 5 μg in 50 μl sterile PBS) and concurrently treated
with dexamethasone (Dex; 2mg/kg) intra-nasally. Mice were sacrificed after 24h
and assessed. Small airway epithelial thickness in terms of epithelial cell area
(µm2) per basement BM perimeter in Periodic acid-Schiff (PAS) stained lung
sections. Data are presented as mean ± SEM (n=4)
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2.5. DISCUSSION
One of the most commonly employed mouse model of asthma is the Ovainduced model[420] where sensitisation is achieved either by concurrent
administration of alum as an adjuvant. The main use of adjuvant is to induce
mast cell independently from airway inflammation that is primarily driven by the
Th2 inflammation and eosinophilia. However, a limitation of the Ova model is
the use of a non-antigenic protein, and the development of an immune
response to this protein through the use of adjuvant. Thus, in our present study
we used HDM, which drives a disease-relevant natural antigenic protein
response without adjuvant, which is a clinically relevant and significant source
of indoor allergens.

IAV is a common trigger of asthma exacerbations[421, 422]. Various studies
have been performed to elucidate the mechanisms involved but have produced
conflicting results, which might be due to the lack of a reproducible and robust
AAD model. To understand and explore AAD and the effects of IAV infection,
we have developed and utilised an experimental model of HDM-induced AAD
with IAV infection in established disease. This model recapitulates the hallmark
features of virus-induced exacerbations and can be employed to investigate the
predisposing mechanisms involved.

Like other models, our HDM-induced AAD comprises two phases, an induction
and a maintenance phase[423]. The induction phase takes place with initial
sensitisation of the airways with allergen while the maintenance phase involves
airway allergen challenge. This establishes responses in the airway leading to
the development of AHR in an IL-13 dependent manner[423, 424] (Figure 2.15).
Investigation of our well established AAD model showed that as expected in the
maintenance phase, the HDM challenge induced AHR with increased
transpulmonary resistance compared to non-infected non allergic mice. Notably
the combination of infection and allergen challenge induced significantly higher
transpulmonary resistance compared to infection or allergen challenge alone
(Figure 2.9).
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Figure 2.15. The two phases of AAD development in mice.
HDM-induced AAD comprises of two phases, the induction phase (initial sensitisation with the allergen) and the maintenance phase
(allergen challenge), which establishes responses in the airway leading to the development of AHR in an IL-13-dependent manner.
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A recent study using Ova-induced AAD with RSV infection showed similar
findings where Ova-sensitised/challenged mice exhibited increased airway
resistance compared with PBS-sensitised controls and RSV infection
dramatically increased airway resistance in mice with AAD[212]. Our
observations indicate that hosts with AAD are more susceptible to severe IAV
infection. Increased IAV viral titres have previously been shown in mice
exposed to asthma-exacerbating inducers such as diesel exhaust particles (a
potent oxidant air pollutant)[425]. Our finding is also consistent with clinical
observations that similarly show increased susceptibility of asthmatic patients to
viral infection in general, including by IAV[426-430].

Administration of HDM extract in mice without adjuvant leads to a robust
inflammatory response with significant histopathological abnormalities that are
exacerbated by infection or further HDM challenge. Moreover, infected mice
with AAD had the highest score compared with sham-inoculated allergic or
infected non-allergic controls. This replicates the association of IAV infection
with AAD and its involvement in disease exacerbations. Indeed, our findings are
consistent with observations that typify the infection-induced exacerbations in
asthmatic patients, which involve enhanced lung inflammation that worsens
their symptoms[431, 432].

Abnormal metaplasia and hyperplasia of MSCs have been linked with asthma
exacerbations,

which

can

lead

to

excessive

sputum

production

and

compromised pulmonary gas exchange[433-436]. Our results indicate that the
simultaneous concurrence of AAD and IAV infection may contribute to
increases in mucus hypersecretion. Other viral infections such as rhinovirus
have also been implicated in causing mucus hypersecretion in asthma[437440]. The secretion of the mucus helps in the trapping and clearance of viruses
but its overproduction leads to airway obstruction and exacerbation of the preexisting AAD, which turns the powerful innate clearing defence system into a
detrimental disease-promoting mechanism[441, 442].
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In our model we observed that IAV infection led to increased numbers of
eosinophils in AAD. Eosinophil recruitment and accumulation contributes to
tissue

damage,

bronchoconstriction

and

respiratory

dysfunction

via

degranulation of their cationic secretory proteins and enzymes which is typically
associated with the production of Th2 cytokines[443-445]. A clinical trial with a
formalin-inactivated RSV vaccine induced mortality in children that was
associated with the deposition of antibody-virus complexes and a pronounced
tissue eosinophilia in their lung histology[446].

Cytokines are important in allergic intercellular communication networks, which
contributes to disease pathology by promoting the recruitment of proinflammatory leukocytes and activating various remodelling events[447].
Increases in Th2 cytokines are observed upon allergen challenge in the airways
of allergic asthmatics, which correlates with the disease severity. Consistent
with this the majority of the murine Ova models also have increased Th2
responses in the airways, where the disease phenotype is characterised by
elevated levels of IL-5 and IL-13 in BALF[448]. Many researchers have already
shown the profound role of IL-5 and IL-13 in the AADs[449]. Recruitment of
immune cells to the site of infection is important in the clearance of virus. During
IAV infection, infected airway epithelial cells produce pro-inflammatory
cytokines such as IL-6, IL-8, MCP1 that attract neutrophils and macrophages to
the site of infection, and also IL25/33/TSLP that are alarmins which recruit
innate lymphoid cells[450, 451]. DCs with captured antigens/allergens polarise
native CD4+ T cells to Th2 lymphocytes through the release of IL-4, and these
cells also produce several cytokines including IL-4, IL-5 and IL-13 that further
promotes the development Th2 cells and other immune cells such as
eosinophils[452, 453]. In our model, we focussed our analysis on the
expression of various cytokines in the lung, and clearly showed increased levels
of IL-5, IL-13, IL-33 and TSLP in sham-inoculated allergic controls compared
with non-allergic, non-infected controls. However, IL-13 and IL-5 levels did not
increase further in infected mice with AAD even though we observed increases
in eosinophil influx in the same group. This eosinophilia may be attributable to
the production of chemokines such as eotaxin and RANTES, that have been
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suggested to be key regulatory factors in the induction of eosinophil trafficking
to the inflammatory site[454-456]. This warrants further investigations to assess
the mechanisms that promote eosinophil influx in response to antigen-driven
inflammation.

Persson and his co-workers have also shown increased expression of upstream
type 2 cytokines in a mouse model of viral-induced asthma exacerbation[457].
Indeed the role of IL-33 and TSLP in the induction of disease is receiving
considerable attention as they are considered as the upstream epithelial
cytokines driving the production of potent type 2 cytokines such as IL-5 and IL13 causing severe and difficult to treat eosinophilic asthma[458, 459].

Our data showed that sham-inoculated allergic controls have impaired antiviral
IFN responses to IAV infection such as RIG-I, IFN-α4, IFN-β and IFN-λ. RIG-I
initiates a signalling cascade that begins with its relocalisation to mitochondria,
where the exposed, ubiquitinated RIG-I associates with caspase activation and
recruitment domain (CARD) of mitochondrial antiviral signalling adaptor (MAVS;
also known as IPS-1/VISA/Cardif)[460]. Subsequently, RIG-I interacts with
MAVS, which indirectly activates interferon regulatory factor 3 (IRF3) by
phosphorylation. Activated IRF3 then translocates into the nucleus where it
initiates the production of type I and III IFNs[461, 462]. The defective IFN
response promotes susceptibility to infection by loss of the ability of the infected
host cell to undergo early apoptosis, which leads to increased viral replication
and finally cytolysis of the infected cells. Other published reports have also
shown reduced levels of IFN-β and IFN-λ in response to infection with HRV-A16
that was associated with increased viral replication in human bronchial epithelial
cells isolated from the asthmatic patients[463, 464]. These observations have
led to various clinical trials with IFN treatments in order to prevent or reduce the
effects of viral infections in asthma[465-469].

Airway remodelling is involved in various degrees of asthma severity, in both
the large and small airways[470] and mainly refers to structural changes. In our
model, we also observed various remodelling features such as airway wall
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thickening, increased mucus and collagen production. The increased epithelial
wall thickening leads to epithelial cell alterations, subepithelial fibrosis,
submucosal gland hyperplasia, and increased airway smooth muscle mass and
vascularisation[471-473].
remodelling[474]

where
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event
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pathognomic of asthmatic airway remodelling[475]. We observed association
between the increased levels of IL-13 and remodelling events particularly
increased

sub-epithelial

fibrosis,

mucus

metaplasia

and
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inflammation which was in agreement with previous studies[476, 477]. The
increase in mucus production is the result of Th2 interleukins, in particular IL-13
that is induced through the STAT-6 signalling pathway[478, 479].

We also observed increases in the levels of IL-33 in sham-inoculated allergic
control and infected mice with AAD. IL-33 has been shown to be involved in
airway remodelling in asthma by activating the expression of fibronectin-1 and
type 1 collagen in human lung fibroblasts[480]. Our model also shows increased
fibronectin and collagen in non-infected allergic group and infected mice with
AAD. IL-33 has also been shown to remain elevated in HDM-exposed ST2(-/-)
mice lacking the IL-33 receptor where IL-33 has been demonstrated to mediate
the persistent airway remodelling. Furthermore, the therapeutic inhibition of IL13 in neonatal HDM-induced AAD does not reduce airway remodelling or IL-33
levels and only partly abrogates AHR. This indicates that inhibition of IL-33
expression or activity may represent a more effective therapeutic approach than
IL-13 inhibition [481]. There may be various other factors also contributing to
remodelling such as changes in mucin glycoproteins[482], epithelial growth
factor (EGF)[479] which via TGF-β[483, 484] activates matrix metalloproteinase
(MMP) molecules such as MMP-9[485]. Moreover, there is strong evidence that
clearly shows the roles of IL-33/IL-13 axis in respiratory virus infections in preclinical settings (mice models) and in samples from asthmatics and COPD.
Intraperitoneal injection of IL-33 in mice increased the production of various Th2
cytokines such as IL-5 and IL-13 along with eosinophilic lung inflammation[486488], which is consistent with our findings. Targeting the IL-33/IL-13 axis may
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provide beneficial effects in the treatment of chronic respiratory diseases, such
as asthma and COPD[489].

Similar findings have also been shown in HDM-challenged sheep that have
significant eosinophilia during challenge and increased airway collagen and
airway smooth muscle at the end of challenges along with hyperplasia of goblet
cells[490]. Another similar study which support our current findings involves a
non-human primate model of allergic asthma where all the hallmark features
such as increased airway inflammation, release of cytokines like IL-5 along with
various remodelling features such as goblet cell hyperplasia, basement
membrane thickening, and smooth muscle hypertrophy and decreased dynamic
compliance occurs by sensitizing cynomolgus monkeys to HDM antigen[491].

We also carried out an experiment where we showed that infected mice with
AAD

after

rechallenging

with

an

allergen

have

ongoing

remodelling

characterised by excessive mucus and collagen production that are resistant to
dexamethasone treatment. This is supported by published literature showing
that in patients with severe asthma, treatments like corticosteroids, long acting
inhaled β2 agonists usually fail[399, 400, 492]. Our observations are consistent
with published studies showing no reduction in the airway inflammation with
inhaled steroids[493-495]. The probable mechanisms that might be driving this
steroid insensitivity, disease exacerbations and tissue remodelling include
altered glucocorticoid signalling, altered Th-cell polarization, innate immune
activation and chronic inflammation[496]. To elucidate the mechanisms and
kinetics involved in dexamethasone resistance and remodelling events further
in-depth investigation is required as part of future ongoing studies.

We hypothesise that dexamethasone-resistant remodelling features/events
observed after an additional allergen challenge may be due to (1) a persisting
remodelling state that either has plateaued or is progressing or (2) a resolved
remodelling during the rest period which is re-stablished and intensified after an
additional allergen challenge. This study requires further in depth investigation
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and validation to reveal corticosteroid unresponsive remodelling events (Figure
2.16).

Around 5-10% of the asthmatic patients do not respond well to glucocorticoid
treatment, and because there are no effective treatments these patients
account for almost 50% of the total health care costs of asthma[497, 498].

The various postulated mechanisms involved for the corticosteroid resistance
include reduced number of glucocorticoid receptors (GRs), altered affinity of the
ligand for GRs, reduced ability of the GRs to bind to DNA, or increased
expression of inflammatory transcription factors, such as activator protein (AP1), that compete for DNA binding[499, 500]. Various other factors involved in
glucocorticoid resistance include viral infections, immunomodulation[501, 502]
and genetic predisposition[503, 504].

Recent studies have shown that RSV infection reduces GR nuclear
translocation, which in turn reduces corticosteroid effects[505]. There is
evidence, which shows that collagen remodelling by airway smooth muscle is
resistant to steroids and β2-agonists[506]. Also, an association between the
steroid resistance and airway remodelling has been demonstrated where the
resistance to the steroid therapy leads to airway remodelling[507], resulting in
permanent biomechanical and pathologic alteration of asthmatic airways[508510].

In summary, we have made some important observations, which demonstrate
that in AAD, IAV infection led to various allergic outcomes; namely increased
viral titre, impaired antiviral responses, exaggerated airway inflammation,
severe histopathology along with increased mucus hypersecretion, collagen
deposition around small airways, small airways epithelial thickness, IL-13Rα1,
and AHR.
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Figure 2.16. Hypothesis attributed corticosteroid resistant remodelling.
We believe that dexamethasone-resistant remodelling features/events observed after an additional allergen challenge may be due
to either Kinetics 1 which presents a persistent remodelling state that either has plateaued or is progressing or Kinetics 2 where a
resolved remodelling during the rest period is re-stablished and intensified after an additional allergen challenge.
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2.6. CONCLUSION
IAV infection exacerbates HDM-induced AAD by inducing Th2 associated
cytokines. Infection may be influencing AAD through several mechanisms such
as pulmonary inflammation, mucus hypersecretion, remodelling and AHR. We
suggest that this novel HDM model of viral-induced asthma exacerbation has
translational value, which mimics aspects of HDM-induced exacerbations of
asthma in humans. Our model has clear utility in identifying new and effective
therapeutic interventions and is well suited for in vivo studies involving
pharmacological effects on exacerbation-induced expression of various
cytokines such as IL-13, IL-33 and TSLP and corticosteroid insensitivity.
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CHAPTER 3
TARGETING THE IL-13/ miR-21
AXIS FOR RESPIRATORY VIRAL
INFECTIONS
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3.1. ABSTRACT
People with chronic lung diseases, such as asthma and COPD are more
susceptible to IAV infections, which lead to exacerbations and worsening of
disease with increased mortality and decreased quality of life. There are
numerous limitations associated with current prevention and treatment
strategies targeting virus-induced lung diseases. Influenza vaccinations are a
major prevention strategy. However, current vaccines do not provide crossserotype protection and new ones of varying efficacy have to be manufactured
every year. Current anti-viral treatments are only partially effective and only if
administered within the first 48 h after infection. They may also need to be given
in combination to be efficacious, which is currently under investigation.
Importantly, the immunological mechanisms that underpin these issues are
incompletely understood.

To address these issues we have explored the underlying mechanisms by
subjecting BALB/c mice to Ovalbumin (Ova)-, house dust mite (HDM)- and
recombinant IL-13 (rIL-13)-induced models of AAD and subsequent infection
with the mouse-adapted H1N1 (A/PR/8/34) IAV intranasally during the
challenge phase of each model. In separate experiments mice with Ovainduced AAD were treated with anti-IL-13 neutralising antibody prior to and
during IAV infection. The cellular source of IL-13 in the lung was also
determined using novel IL-13-reporter mice. Furthermore, in separate
experiments, mice were subjected to cigarette smoke-induced experimental
COPD with subsequent intranasal infection with IAV. The effects of infection on
hallmark features of AAD and COPD were assessed. Our data implicate IL13/IL-13Rα1/miR-21 axis in IAV-induced exacerbations that lead to increases in
severity of various hallmark features of disease. These include viral titre, lung
tissue inflammation and airway remodelling resulting in more severe IAV
infection that exacerbates the underlying AAD and COPD.

Our data implicate IL-13/IL-13Rα1/miR-21 axis in IAV-induced exacerbations
that lead to increases in severity of various hallmark features of disease. These
include viral titre, lung tissue inflammation and airway remodelling resulting in
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more severe IAV infection that exacerbates the underlying AAD and COPD.
These studies have identified potential new therapies for IAV infections and
IAV-induced exacerbations of asthma and COPD by targeting the IL-13/ IL13Rα1/miR-21 axis.

3.2. INTRODUCTION
Viral infections are a major cause of morbidity and mortality throughout the
world, which includes IAV, RSV and RV. IAV infections induce massive global
clinical problems that cause substantial socioeconomic consequences. A major
issue is the capacity of the virus to mutate into new strains that result in
seasonal infections to which the community has little immunity. The genetic
variation in IAVs occurs through two different mechanisms involving a genetic
drift and shift. Genetic drift in IAV HA and NA antigens occur due to the host
immune response, while, genetic shift happens through the replacement of a
whole gene from one subtype to another usually as a consequence of
reassortment and recombination of different IAVs. Each year, seasonal IAV
infects 100 million people worldwide causing 3-5 million severe infections and
~500,000 deaths[131]. In Australia seasonal influenza impacts the national
health system enormously with >18,000 hospital admissions and >1,000 deaths
per year[132]. In each seasonal epidemic, typically the very young and elderly
and those with underlying respiratory conditions such as asthma[511] and
COPD[143] are more susceptible. This indicates that factors are present in
vulnerable individuals that promote susceptibility to infection.

IAV infections are major causes of exacerbations and worsening of the
underlying

respiratory

asthmatics

was

diseases[144].

directly

due

to

Approximately

IAV

34.97%

infection[145].

deaths

in

Infection-induced

exacerbations, often by IAV, are the 2nd commonest cause of hospitalisations in
Australia[146], and in 2006 influenza and its complications caused 2,715 deaths
in COPD patients[132]. Furthermore, those with COPD are consistently overrepresented

in

those

hospitalised

or

who

died

during

IAV-induced

pandemics[147]. However, the immune mechanisms that underpin these
associations are largely unknown.
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Entry of IAV into target cells is the very first step of the viral life cycle and as
such is crucial for the establishment of infection. IAV entry is a dynamic process
that requires the completion of six individual steps: (i) attachment to target cells;
(ii) internalization into cellular compartments; (iii) endosomal trafficking to the
perinuclear region; (iv) fusion of viral and endosomal membranes; (v) uncoating
and (vi) import of the viral genome into the nucleus (Figure 3.1)[512].

IAV attaches to host cells by binding of HA to sialic acids (SIA) present on the
host cell surface. The entry of the virus into the host cells then occurs when
neuraminidase breakdowns the mucosal material surrounding the epithelial
cells. The virus then hijacks the cellular machinery leading to viral replication.
Following attachment, viral entry is mediated via various endocytic routes
including receptor-mediated endocytosis (receptor binding proteins HA and SIA;
clathrin-mediated endocytosis) and macropinocytosis delivering the virus to the
acidic environment of the late endosome that triggers HA-mediated fusion[512,
513]. Host innate immune responses recognise viral RNAs and initiate the
production of numerous cytokines and chemokines such as IFN- α, β, γ and λ,
TNF-α, TSLP, IL-6, IL-12, IL-25, and IL-33[201, 514] and CC-chemokine genes
such as CCL2/MCP-1, CCL3/ MIP-1α, CCL4/MIP-1β, and CCL5[515-517].
When cytokines are produced they recruit alveolar macrophages and dendritic
cells to clear the viral protein from infected and dying cells. Recruitment of
dendritic cells has been reported to release IL-13 that subsequently results in
AHR, progression of allergic airway inflammation together with induction and
accumulation of mucus thereby altering normal lung environment and causing
airway congestion (Figure 3.2)[515, 516].

IL-13 is known to be a crucial cytokine in asthma and may be important in
increased susceptibility to viral infection and asthma exacerbations. Tekkanat et
al., showed that severe RSV infection in mice is related to the level of IL-13 that
promotes mucus hypersecretion and AHR in the airway during severe
infection[518]. Lukacs and colleagues subsequently demonstrated that initial
RSV infection promotes a more severe asthmatic response, even when the
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allergic response is initiated after clearance of the RSV-induced reactions[519].
IL-13 is released from different cells such as alveolar macrophages, mast cells,
eosinophils, T cells such as CD4+, CD8+ and NKT cells[520, 521] and
ILC2s[522, 523]. It is considered as a central regulator of IgE synthesis,
responsible for various main features of airway diseases such as increased
eosinophils, mucus cells production, goblet cell metaplasia and changes in the
airway smooth muscles leading to AHR and wheezing[66, 523, 524]. Increased
levels of IL-13 are observed in patients with asthma and very severe COPD
when compared with non-asthmatics and non-COPD control subjects[525, 526].

The high frequency of mutations in IAVs has made it challenging to develop
effective therapeutics, and current preventions and treatments have serious
limitations. Vaccination is the mainstay of efforts to protect against infection,
however efficacy is limited to known strains, varies from year to year and new
vaccines need to be developed every year. In COPD, while vaccination reduces
exacerbations, it has no effect on hospitalisations or mortality[149].

NA inhibitors (e.g. oseltamivir) are the only specific anti-influenza treatments
available, however, they are poorly effective[150]. Also, treatments only have
beneficial effects if given within the first 48 h of the appearance of clinical signs,
which has proven difficult for both patients and physicians. In addition IAVs are
rapidly becoming resistant to these treatments[151]. There is therefore an
urgent need to develop novel and effective preventions and treatments for
influenza, especially for those most susceptible to infection. For these reasons,
influenza has attracted much attention from the pharmaceutical industry. The
most effective approach may be to improve host immunity rather than targeting
the virus. Treatments directed against both IAV attachment to the cell surface
and replication within the host cell may also be effective[152].
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Figure 3.1. Schematic representation of IAV entry process.
IAV entry is a dynamic process that requires the completion of six individual steps: (i) attachment to target cells; (ii) internalization
into cellular compartments; (iii) endosomal trafficking to the perinuclear region; (iv) fusion of viral and endosomal membranes; (v)
uncoating and (vi) import of the viral genome into the nucleus
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Figure 3.2. Virus induces inflammatory cascades in airway epithelium.
Adapted from reference [489].
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miRs are non-coding RNAs that regulate many biological processes including
growth, apoptosis and immunity[527]. They exert their function at the posttranscriptional level by fine-tuning the expression of multiple target genes[527].
miR-21 is one of the best characterised and is implicated in a variety of
inflammatory diseases and cancers[360, 528]. The role of miR-21 has been
studied in murine AAD models[300, 306, 361, 529]. In severe asthma models,
respiratory infection-induced miR-21 promotes steroid-insensitive airway
inflammation and AHR. This occurs through the miR-21 downregulation of
phosphatase and tensin homolog (PTEN), which increases phosphoinositide-3kinase (PI3K) activity and leads to reduced histone deacetylase-2 levels that
are necessary for steroid responsiveness[530]. Also, miR-21 expression is
increased in serum of patients with mild to moderate COPD and asymptomatic
smokers, compared to healthy controls, implicating its involvement in early
pathogenesis[370]. miR-21 has been reported to be down-regulated in other
pathological conditions such as cancer and myocardial infarction[531-533].

So far no investigations have assessed the role of IL-13/miR-21 signalling in
predisposing to IAV infection in AAD and COPD. In the present investigation,
we assessed the roles of IL-13 and miR-21 in the pathogenesis of IAV-induced
exacerbations in AAD and COPD using mouse models that recapitulate the
hallmark features of the respective disease. We identify a pathogenic role for
the IL-13/miR-21 axis in IAV infections in AAD and COPD and define potential
therapeutic interventions.

3.3. METHODS
3.3.1. Ethics Statement
This study was performed in strict accordance with the recommendations in the
Australian code of practice for the care and use of animals for scientific
purposes issued by the National Health and Medical Research Council of
Australia. All protocols were approved by the Animal Ethics Committees of The
University of Newcastle.
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3.3.2. Mice
Six to eight-week old specific pathogen-free (SPF) female BALB/c mice were
used in all the experiments. Animals were obtained from The University of
Newcastle Animal Services Unit, the Animal Resources Centre (Perth,
Australia) or Australian Bio Resources (Moss Vale, Australia) and were given
access to food and water ad libitum. Animals were housed in individually
ventilated cages in a specific pathogen-free facility with controlled environment
of 12 h light and dark cycles.

3.3.3. Induction of AAD using Ova
Existing data from our laboratory demonstrates that Ova-induced AAD
increases susceptibility to influenza infection and that infection exacerbates the
underlying AAD. Thus, the Ova-induced AAD model was used to investigate
underlying mechanisms and potential therapeutic interventions. These studies
can be further extended to additional models of AAD including HDM-induced
AAD (Chapter 2), to determine if the effects are consistent in different models.
Mice were sensitised with 50 μg Ova (Sigma Aldrich) and 1 mg Rehydrogel
(Reheis) in 200 μl sterile phosphate buffered saline (PBS) by intraperitoneal
(i.p.) injection [534, 535]. Mice were then challenged i.n. with Ova (10 μg in 50
μl sterile PBS) under isofluorane anaesthesia 12-15 days later. Control mice
received PBS sensitisation and Ova challenges [534, 535] (Figure.3.3).

3.3.4. Experimental COPD
Six to eight-week old specific pathogen-free (SPF) female BALB/c mice were
exposed to normal air or CS through the nose only for 8 weeks as previously
described [264, 274, 418] (Figure 3.4)
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Figure 3.3. Experimental protocol of Ova-induced AAD and IAV infection.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were sacrificed 3 dpi.
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3.3.5. IAV infection
On the last day of Ova challenge or smoke-exposure, mice were anaesthetised
with isofluorane and infected i.n. with 7.5 plaque forming unit (PFU) of the
mouse-adapted IAV A/PR/8/34 (WHO Collaborating Centre for Reference and
Research of Influenza, Victoria, Australia) in 50µl of media vehicle (UltraMDCK,
Lonza, NJ, USA). Controls were sham-inoculated with media. Mice were
sacrificed 3 dpi in AAD and 7 dpi in experimental COPD respectively (Figure
3.3-3.11).

3.3.6. Administration of rIL-13
Mice were treated with 100 ng of murine rIL-13 (R&D systems, Gymea,
Australia) in 30 μl sterile PBS i.n., once every 24 h, from the day before IAV
infection (-1 dpi) through to 2 dpi. Mice were sacrificed 3 dpi. Controls were
vehicle-treated with PBS [392] (Figure 3.5)

3.3.7. IAV infection in IL-13 deficient (-/-) mice
To further investigate the effect of IL-13 in susceptibility to IAV infection we
assessed infection in IL-13-/- mice. Wild-type (WT) and IL-13-/- mice were
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on day 0. Mice were sacrificed
3 dpi (Figure 3.6).

3.3.8. Treatment with dexamethasone (Dex) in AAD
Some groups were treated with i.n. Dex (2 mg/kg, Sigma-Aldrich) on days 0, 1
and 2 dpi. Mice were sacrificed 3 dpi[536-538] (Figure 3.7).
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Figure 3.4. Experimental protocol of cigarette smoke-induced COPD and
IAV infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with
IAV A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were
sacrificed 7 dpi.

Figure 3.5. Experimental protocol of rIL-13 treatment and IAV infection.
BALB/c mice were administered rIL-13 one day prior to inoculation with IAV
A/PR/8/34 (7.5 pfu) or media (at 0 dpi). rIL-13 administration was continued
daily 2 dpi. Mice were sacrificed 3 dpi.
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Figure 3.6. Experimental protocol of IAV infection.
Wild-type (WT) and IL-13-/- mice were inoculated with IAV A/PR/8/34 (7.5 pfu) or
media on day 0. Mice were sacrificed 3 dpi.

Figure 3.7. Treatment with dexamethasone in Experimental AAD and IAV
infection.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi.
Mice were sacrificed 3 dpi.
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3.3.9. miR inhibition with antagomirs
The miR-21 sequence was downloaded from miRBase University of
Manchester, UK (http://www.mirbase.org/). Ant-21 and scrambled antagomir
control (Scram, nonspecific RNA VIII, BLAST searched against the mouse
genome) were designed and purchased (Sigma-Aldrich). The sequence of Ant21 was:
5’mU.*.mC.*.mA.mA.mC.mA.mU.mC.mA.mG.mU.mC.mU.mG.mA.mU.mA.mA.
mG.*.mC.*.m

U.*.mA.*.3’-Chl,

where

(m)

denotes

2’-O-methyl-modified

nucleotides, (*) denotes phosphorothioate linkages, and (–Chl) denotes
hydroxyprolinol-linked cholesterol. Groups of mice were treated with Ant-21
(50μg delivered in 50μL sterile saline i.n.) or an equivalent amount of Scram on
day 0 in Ova-induced AAD and once a week from week 6 to week 8 in
experimental COPD [362] (Figure 3.8 and 3.9)

3.3.10. PI3K inhibition
Groups were treated i.n. with the class I pan-PI3K inhibitor LY294002 (LY29,
2mg/kg, Selleck, 68 Houston, USA, in 3% dimethyl sulfoxide [DMSO] vehicle)
from 0 to 2 dpi in Ova-induced AAD. Controls were treated with vehicle [143]
(Figure 3.10).

3.3.11. Neutralisation of IL-13 in experimental AAD and COPD
Rabbit anti-murine IL-13 antibodies were kindly prepared and supplied by
Professor Nick Lukacs, University of Michigan, USA [539]. These antibodies
were produced by multiple-site immunisation of New Zealand White rabbits with
murine rIL-13 (R&D Systems) and titred by direct ELISA. The antibodies were
specifically verified by the failure to cross-react to these murine (m) and human
(h) proteins: mIL-3, mIL-1α, mTNF, hTNF, mIL-4, hIL-13, mIL-10, mIL-12,
mMIP-1α, hMIP-1α, hMIP-1β mMIP-1β IL-6, mMCP-1, hMCP-1, hIL-8, and
hRANTES. The in vivo half-life of the antibody was 30 h.
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Figure 3.8. Treatment with anti-miR-21 (Ant-21) in Experimental AAD and
IAV infection.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice
were sacrificed 3 dpi.

Figure 3.9. Treatment with anti-miR-21 (Ant-21) in Experimental COPD and
IAV infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with
IAV A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were
treated with Ant-21 or scrambled control once a week from week 6 till week 8.
Mice were sacrificed 7 dpi.
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Figure 3.10. Treatment with LY29 in experimental AAD and IAV infection.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice
were sacrificed 3 dpi.
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Mice were administered intra-peritoneal (i.p) anti-IL-13 antibody or an
equivalent amount of isotype (controls) from 0 dpi till 2 dpi. Mice were sacrificed
3 dpi in experimental AAD (Figure 3.11).

While in experimental COPD, mice were administered intra-peritoneal (i.p) antiIL-13 antibody or an equivalent amount of isotype (controls) on day 0, 2, 4 and
6 dpi. Mice were sacrificed at 7 dpi (Figure 3.12).

3.3.12. Plaque assay
Madin-Darby Canine Kidney (MDCK) cells were grown until approximately 70%
confluent. The cells were then washed three times with Dulbecco’s phosphate
buffered saline (DPBS; Sigma Aldrich). The cells were submerged in Leibovitz’s
L-15 (L-15) medium (Invitrogen) supplemented with 2- [4-(2-hydroxyethyl)
piperazin-1-yl] ethanesulphonic acid (HEPES, Invitrogen) and N-p-tosyl-Lphenylalanine chloromethyl ketone-treated trypsin (trypsin-TPCK, Invitrogen).
BALF was collected, serially diluted in L-15 medium, which had been
supplemented with HEPES, and added to MDCK cells. After 60 minutes of
incubation (37°C, 5% CO2), the inocula were removed. A thin overlay of 1.8%
agarose in L-15 medium containing trypsin-TPCK was placed onto the cell
monolayers. After 48 h of incubation (37°C, 5% CO2), plaques were stained
with 0.1% crystal violet and counted [190, 371, 414, 415].

3.3.13. Histopathology
Lungs were formalin fixed, embedded and sectioned. Longitudinal sections
were stained with H&E (for histopathology), periodic acid-Schiff (PAS-for MSC
numbers) or Lendrum's carbolchromotrope (for eosinophils). Histopathology
(tissue-inflammation) was scored in a blinded fashion according to a set of
custom-designed criteria (Table 2.1). Eosinophils and MSC numbers were
enumerated in inflamed airways as previously described [416].
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Figure 3.11. Treatment with anti-IL-13 in experimental AAD and IAV
infection.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with anti-IL-13 antibody or isotype from 0 dpi till 2
dpi. Mice were sacrificed 3 dpi.

Figure 3.12. Treatment with anti-IL-13 treatment in experimental COPD and
IAV infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with
IAV A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were
treated anti-IL-13 antibody or isotype on day 0, 2, 4 and 6 dpi. Mice were
sacrificed 7 dpi.
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3.3.14. Cytokine concentrations in lungs
Protein concentrations in BALF supernatants were determined for IL-13 using
mouse DuoSet ELISA kits (R&D systems, Minneapolis, USA) according to the
manufacturer’s instructions.

3.3.15. Total RNA extraction
Total RNA was extracted from whole lungs by guanidinium thiocyanate phenol
chloroform (TRIzol) extraction[417]. Lung tissues harvested from mice were
stored in RNA Stabilisation Reagent, RNAlater (Qiagen, Chadstone Centre,
Australia) prior to extraction. Tissues were transferred into 5 ml tubes containing
1 ml of TRIzol solution (Ambion, Thermo Fisher Scientific), carefully ensuring
minimal RNAlater carry over. Tissues were then homogenised at 4oC,
transferred to 1.5 ml microcentrifuge tubes and centrifuged (12,000xg, 10
minutes, 4°C). The clear homogenates were then transferred into fresh
microcentrifuge tubes and supplemented with 250 µl chloroform to separate
RNAs from proteins. The microcentrifuge tubes were then pulse-vortexed for
approximately 5 seconds, until the solutions were homogenous. Solutions were
incubated at room temperature for 10 minutes before being centrifuged
(12,000xg, 15 minutes, 4oC). The resulting aqueous phase was then transferred
into fresh 1.5 ml microcentrifuge tubes and supplemented with 500 µl of cold
isopropyl alcohol to precipitate the RNA. The solutions were again pulsevortexed, incubated (room temperature, 10 minutes), and centrifuged at (12
000xg, 10 minutes, 4oC). Supernatants were discarded and the RNA pellets
were washed with 1 ml of 75% (v/v) ethanol. The solutions were then pulsevortexed to dislodge the pellets and to wash out trapped contaminants and
centrifuged (7,500xg, 5 minutes, 4oC). A second wash was performed to
remove any carbohydrate/phenol-based contaminants. Pellets were then
allowed to air dry (15 minutes, 4oC). Pellets were eventually resuspended with
75-100 µl nuclease free water (Ambion, Thermo Fisher Scientific). The
concentration of mRNA was measured using a NanoDrop Spectrophotometer
(ND-1000, v3.8.0 Bio Lab, NanoDrop Technologies, DE, USA).
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3.3.16. Reverse transcription
1000 ng of RNA in 8 µl of nuclease free water (Ambion) was prepared to
generate complementary DNA (cDNA). mRNA samples were mixed with 1 µl of
10X reaction buffer (Bioline, Alexandria, Australia) and 1 µl of amplification
grade DNAse I (Sigma Aldrich) and were incubated (room temperature, 15
minutes). 1 µl of DNAse Stop Solution (Sigma Aldrich) was added into the
mixture, and the samples were heated at 65oC for 10 minutes to inactivate and
denature the DNAse I. The samples were then added with 2 µl of 50 ng/ml
random hexamer primers (Invitrogen) and 1 µl of 2.5mM dNTPs (Invitrogen),
and incubated (5 minutes, 65oC). The samples were allowed to cool to 25oC,
and 4 µl of 5X reaction buffer, 1 µl of DTT (Bioline), 1 µl of nuclease free water,
and 1 µl of Bioscript (Bioline) were added. The samples were then heated at
25oC for 20 minutes, 42oC for 50 minutes and 70oC for 15 minutes. The
samples were finally resuspended with 500 µl of nuclease free water.

3.3.17. Quantitative real-time Polymerase Chain Reaction (qPCR)
qPCR was performed to determine the relative abundance of cDNA in samples
compared to the reference gene HPRT. qPCR cycles were performed using a
Mastercycler Eppendorf RealPlex 2 System (Eppendorf South Pacific, North
Ryde, Australia) or ViiA 7 Real-Time PCR System (Life Technologies, Thermo
Fisher Scientific). Sample cDNA (2 µl) was added to a mixture containing 3 µl
SYBR Green and ROX as a passive reference dye (SYBR Green ERTM
reagent system, Invitrogen), 0.5 µl (10 µM) of each forward and reverse primers
(Integrated DNA Technologies, Baulkham Hills, Australia, Table 3.1) and 4 µl of
nuclease free water (Ambion), to make a total of 10 µl reaction volume.

Cycling conditions used for Mastercycler Eppendorf RealPlex 2 System were:
holding stages at 50 °C for 2 minutes and 95 °C for 2 minutes; cycling stages at
95 °C for 15 seconds and 60 °C (variable) for 30 seconds (cycling stages were
repeated for 40 cycles); melt curve/dissociation stages at 95 °C for 15 seconds,
60 °C (variable) for 15 seconds, 95 °C for 8 minutes and 95 °C for 15 seconds.
Cycling conditions used for ViiA 7 Real-Time PCR System were: holding stage
at 95 °C for 30 seconds; cycling stages at 95 °C for 15 seconds and 60 °C
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(variable) for 30 seconds (cycling stages were repeated for 40 cycles); melt
curve/dissociation stages at 95 °C for 15 seconds, 60 °C (variable) for 15
seconds and 95 °C for 15 seconds. The threshold value (Ct value) for each
sample was measured as the number of cycles needed for the specific
fluorescent signals to cross “threshold”, which is a value that is set above the
background levels of fluorescence (background “noise”). The Ct value from
each gene was normalised against the constant housekeeping gene: the HPRT
gene.

Table 3.1. Custom designed primers used in qPCR analysis
Primer

Forward (5’→3’)

Reverse (5’→3’)

HPRT

AGG CCA GAC TTT GTT GGA CAA CTT GCG CTC ATC TTA
TTT GAA

U6

U49

GGC TTT

CGGCAGCACATATACTAAAATT GCCATGCTAATCTTCTCTGTAT
GG

C

ATCACTAATAGGAAGTGCCGT

ACAGGAGTAGTCTTCGTCAGT

CmiR-21

T+AGCTTATCAGACTG1

GTAAAACGACGGCCAGTTCAA
CAT

IL-13Rα1

CAC AGT CAG AGT AAG AGT ATG GTG GTG TAG AAG GTG
CAA AAC A

GA

1 LNATM-modified bases are preceded by a [+] symbol

3.3.18. Lung function
AHR was measured in anaesthetised mice using whole body invasive
plethysmography

(Buxco

electronics,

Sharon,

Connecticut,

USA)

by

determination of the peak of transpulmonary resistance in response to
increasing doses of nebulised methacholine (Sigma-Aldrich) as previously
described[210, 211].

3.3.19. Airway remodelling
Lungs were formalin fixed, embedded and sectioned. Longitudinal sections
were stained with H&E, Verhoff’s-Van Gieson (VVG) stain (Australian Biostain)
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or Masson’s Trichrome. Airway epithelial area (μm2) and area of collagen
deposition (μm2) was assessed in a minimum of four small airways (basement
membrane (BM) perimeter <1000 μm) per section[264, 274, 418]. Data were
normalised to BM perimeter (μm) and quantified using ImageJ software
(Version 1.49h, NIH, New York City, USA).

3.3.20. Immunohistochemistry
Lungs were perfused, inflated, formalin-fixed, paraffin-embedded and sectioned
(4-6μm). Longitudinal sections of the left lung were incubated with primary
antibody (anti-IL13Rα1, Abcam, Melbourne, Victoria, Australia) overnight at
4°C, followed by anti-rabbit horseradish peroxidase-conjugated secondary
antibody (R&D Systems) as per the manufacturer’s instructions. 3,3'diaminobenzidine chromogen-substrate buffer (DAKO, North Sydney, New
South Wales, Australia) was applied to sections and incubated. Sections were
counterstained with haematoxylin, mounted and analysed with a BX51
microscope (Olympus, Tokyo, Shinjuku, Japan) and Image-Pro Plus software
(Media Cybernetics, Rockville, MD).

3.3.21. miR in situ hybridization (ISH)
miR-21 was localised in histological sections of formalin-fixed, paraffinembedded lungs using a miRCURY LNATM miR ISH optimisation kits (miR-21,
Exiqon, Vedbæk, Denmark) in accordance with the manufacturer’s protocol.
Briefly, lung sections were de-paraffinised, rehydrated in an ethanol:RNase free
water gradient, protease-treated (15μg/mL of Proteinase K, 10 minutes,
proteinase K buffer), washed in PBS, dehydrated in ethanol, air dried, and prehybridised in 1xISH buffer (55°C, 1 hr) in a humidifying chamber. miR-21specific, and scrambled (negative control), double-digoxigenin (DIG) LNATM
probes (40 nM) were then applied to the lung sections and hybridised at 55°C
overnight in a humidifying chamber. Hybridised sections were then washed (5x0.2x saline-sodium citrate [SSC] buffer gradient) and blocked (2% lamb serum
in PBS-Tween [PBS-T, 0.1% Tween20, Ajax, Finechem, NSW, Australia]) at
room temperature (RT) for 15 min. Sheep-anti-DIG antibody conjugated with
alkaline phosphatase (AP, Roche, Life Science, Australia, 1:800 in 2% lamb
123

serum in PBS-T) was then applied to the sections and probe;target complexes
were detected with an AP substrate solution (containing BM Purple [1:3, Roche,
Life Science] and Levamisole [endogenous AP activity inhibitor, 0.2 mM, SigmaAldrich]) that produces a dark blue precipitate in the presence of AP activity.
Nuclear Fast RedTM (Vector laboratories, CA, USA) was used as a
counterstain [215].

3.3.22. Flow cytometry
Numbers of NKT cells, CD4+ T cells and CD8+ T cells in lung homogenates
were determined based on surface marker expression using flow cytometry
(Table 3.2) (126, 128, 131, 430). Flow cytometric analysis was performed using
a FACSAriaIII with FACSDiva software (BD Biosciences, North Ryde,
Australia). Flow cytometry antibodies were from Biolegend (Karrinyup, Western
Australia, Australia) (Table 3.3). OneComp compensation beads (eBioscience)
were used to set up assays.

3.3.23. Statistical analyses
Data were expressed as mean ± standard error of mean (SEM) with 6-8 mice in
each group and are representative of at least two or more independent
experiments. Non-normally distributed data were analysed using nonparametric equivalents and summarised using the median and inter-quartile
range. Comparisons between two groups were made using a two-tailed MannWhitney Test. Multiple comparisons were made using one-way ANOVA with
Tukey’s post-test, or Kruskal-Wallis with Dunn’s post-test, where nonparametric analyses were appropriate. Analyses were performed using
GraphPad Prism Software version 6 (GraphPad Software, CA, USA). A p-value
of < 0.05 was considered significant.
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Table 3.2. Surface antigens used to characterise mouse lung cell subsets
by flow cytometry
Cell subset

Cell surface antigens

ILC2

CD45+Lin-CD90.2+CD2- IL-7Rα+ CD25+ IL-33Rα+

NKT cell

CD45+ CD3+ αGalCer tetramer+

CD4+ T cell

CD45+ CD3+ CD4+ CD8- γδTCR-

CD8+ T cell

CD45+ CD3+ CD4+ CD8- γδTCR-

ILC2: type 2 innate lymphoid cell; γδ T-cells: gamma delta T cells; NKT cell:
natural killer T-cell

Table 3.3. Antibody used in flow analysis
Cell Surface Antigen

Clone

Fluorophore

Company

CD45

30-F11

PerCPCy5.5

Biolegend

CD4

RM4-5

APC-Cy7

Biolegend

CD8a

53-6.7

BV510

Biolegend

γδTCR

GL3

BV421

Biolegend

CD3

17A2

AF700

Biolegend

CD90.2

30-H12

APC/Cy7

Biolegend

IL-33Rα

DIH9

APC

Biolegend

IL-7Rα

A7R34

BV605

Biolegend

γδTCR: gamma delta T cells receptor; IL-33Rα: IL-33 receptor alpha; IL-7Rα:
IL-7 receptor alpha

3.4. RESULTS
3.4.1. Allergic airway inflammation increases the severity of IAV
infection consequently exacerbating the underlying AAD
We investigated whether AAD predisposes to severe IAV infection, using an
Ova-induce AAD disease model. In this model, specific pathogen-free BALB/c
mice were sensitised by i.p. administration of Ova or PBS and subsequently
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challenged i.n. with Ova 12-15 days later. On the last day of Ova challenge,
mice were infected i.n. with IAV A/PR/8/34 (7.5 pfu) or media. Mice were
sacrificed 3 dpi (Figure 3.3).

Preliminary studies showed a significant increase in viral titre in infected mice
with AAD (Ova+PR8) at 3 dpi compared with infected non-allergic controls
(PR8) (Figure 3.13A). This indicates that the presence of AAD predisposes to
more severe IAV infection. Also at 3dpi, non-infected allergic mice (Ova) had
increased

histopathological

score

indicative

of

increased

lung

tissue

inflammation compared to sham-inoculated non-allergic controls (Sham).
Infected non-allergic mice (PR8) also had increased histopathological scores
compared to sham-inoculated non-allergic controls. Infected mice with AAD
(Ova+PR8) had increased histopathological scores compared to both shaminoculated allergic and infected non-allergic controls (Figure 3.13B and C).

Sham-inoculated allergic mice (Ova) also had higher numbers of lung
eosinophils compared with sham-inoculated non-allergic controls (Sham).
Infected mice with AAD had the highest number of lung eosinophils compared
to sham-inoculated allergic controls and infected non-allergic mice (Figure
3.13D). Non-infected allergic mice had increased numbers of MSCs around the
airways compared with non-infected non-allergic controls. Infected mice with
AAD also had the highest number of MSCs compared with both shaminoculated allergic controls and infected non-allergic mice (Figure 3.13E and F).

In sham-inoculated allergic controls Ova challenge induced AHR with increased
transpulmonary resistance compared to sham-inoculated non-allergic controls.
In infected non-allergic groups, IAV infection also induced an increase in the
transpulmonary resistance compared to sham-inoculated non-allergic controls.
Again infected mice with AAD had significantly higher transpulmonary
resistance compared with infected non-allergic or sham-inoculated allergic
controls (Figure 3.13G).
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Figure 3.13. Ova-induced AAD promotes severe IAV infection.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were sacrificed 3 dpi. (A) Viral titre at 3 dpi; (B) Total inflammatory score in haematoxylin and eosin
(H&E) stained lung sections; (C) Representative images (10X) of H&E stained lung sections; Scale bar = 200 µm; (D) Numbers of
tissue eosinophils; (E) MSCs per 100μm basement membrane (BM) in periodic acid-Schiff (PAS) stained lung sections; (F)
Representative images (20X) of PAS stained lung sections; Scale bar = 50 µm; (G) Transpulmonary resistance and (H) dynamic
compliance. Data are presented as mean ± SEM (n=6-8); *, # and δ represents P≤0.05 versus Sham, PR8 and Ova groups,
respectively.
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Moreover, in sham-inoculated allergic controls, Ova challenge reduced dynamic
compliance compared to sham-inoculated non-allergic controls. In the infected
non-allergic group, IAV infection also reduced dynamic compliance compared to
sham-inoculated non-allergic controls. Infected mice with AAD had significantly
reduced dynamic compliance compared to infected non allergic or shaminoculated allergic controls (Figure 3.13H).

These results matched those made in HDM-induced AAD with IAV infection
including increased viral titre (Figure 2.2), lung tissue inflammation (Figure
2.3A-E), number of mucus secreting cells (Figure 2.4) and eosinophils (Figure
2.5) and AHR (Figure 2.9) in infected allergic groups compared to infected nonallergic controls.

3.4.2. IL-13 drives susceptibility to IAV infection in mice
To determine if IL-13 contributes to AAD and increases susceptibility to IAV
infection, we performed further investigations where BALB/c mice were
administered rIL-13 i.n. one day prior to inoculation with IAV A/PR/8/34 (7.5 pfu)
or media (at 0 dpi). rIL-13 administration was continued daily until 2 dpi. Mice
were sacrificed 3 dpi (Figure 3.5).

We found a significant increase in viral titre in rIL-13 administered IAV infected
mice (rIL-13+PR8) at 3 dpi compared to untreated infected controls (PR8)
(Figure 3.14A), indicating that rIL-13 predisposes to severe IAV infection in the
lung. rIL-13 treated mice (rIL-13) mice exhibited increased lung tissue
inflammation compared with sham-treated controls (Sham). Infected nontreated mice (PR8) had increased histopathological scores compared to shaminoculated controls. rIL-13 treated infected mice (rIL-13+PR8) had increased
histopathological scores compared with both rIL-13 treated or infected controls
(Figure 3.14B and C).

Additionally, rIL-13 treated mice had higher numbers of lung eosinophils
compared to sham-treated or infected controls. Numbers were even greater in
the rIL-13 treated and infected group (Figure 3.14D). Furthermore, rIL-13
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Figure 3.14. Administration of recombinant IL-13 (rIL-13) promotes severe IAV infection and AAD.
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BALB/c mice were administered with rIL-13 one day prior to inoculation with IAV A/PR/8/34 (7.5 pfu) or media (at 0 dpi). rIL-13
administration was continued till 2 dpi. Mice were sacrificed 3 dpi. (A) Viral titre at 3 dpi; (B) Total inflammatory score in
haematoxylin and eosin (H&E) stained lung sections; (C) Representative images (10X) of H&E stained lung sections; Scale bar =
200 µm; (D) Numbers of tissue eosinophils; (E) MSCs per 100μm basement membrane (BM) in periodic acid-Schiff (PAS) stained
lung sections; (F) Representative images (20X) of PAS stained lung sections; Scale bar = 200 µm; (G) Transpulmonary resistance
and (H) dynamic compliance. Data are presented as mean ± SEM (n=4-8); *, # and δ represents P≤0.05 versus Sham, PR8 and rIL13 groups, respectively.
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treated mice had increased numbers of MSCs around the airways compared to other
controls. Infected mice treated with rIL-13 had lesser number of MSCs compared
with rIL-13 treated controls (Figure 3.14E and F). Importantly, rIL-13 treated and
infected mice demonstrated an increased transpulmonary resistance and decreased
dynamic compliance compared to all control groups (Figure 3.2G and H). To confirm
that IL-13 is a likely mechanism driving more severe infection and AAD (increased
viral titre, MSCs, eosinophils and AHR), we assessed the levels of IL-13 and its
receptor (IL-13Rα1) in Ova-induced AAD mice lung tissues.

At 3dpi, in sham-inoculated allergic (Ova) controls, AAD lead to increases in IL-13
protein levels in BALF compared to sham-inoculated non-allergic controls (Sham,
Figure 3.15A). In infected non-allergic mice (PR8), no increase in IL-13 protein was
detected. Importantly, infected mice with AAD (Ova+PR8) had increased levels of IL13 compared with infected non-allergic, but not sham-inoculated allergic controls.
These results show that IAV infection does not induce IL-13 in non-allergic mice, but
increases IL-13 levels in AAD.
IL-13Rα1 mRNA expression was also increased in sham-inoculated allergic controls
compared with sham-inoculated non-allergic controls. Both infected non-allergic and
infected mice with AAD had more substantial increases in IL-13Rα1 mRNA levels
(Figure 3.15B and C). Localization of IL-13Rα1 in lung tissues was observed using
IHC where IL-13Rα1 expression was observed to be increased in the airway
epithelium of infected mice with AAD compared to controls. Also, sham-inoculated
allergic controls showed an increased trend in IL-13Rα1 expression in airway
epithelium as compared with sham-inoculated non-allergic controls (Figure 3.15D).
Similarly, mice with HDM-induced AAD also had increased IL-13 levels (Figure 2.6A)
and IL-13Rα1 expression (Figure 2.6B) in their lungs.
Increased IL-13 (Figure 3.16A) and IL-13Rα1 (Figure 3.16B) expression was also
observed in rIL-13 treated mice when compared to sham-inoculated controls and
also in the rIL-13 infected mice compared to infected controls.

These results show that IAV infection in AAD increased IL-13 protein levels, and the
expression of its receptor, IL-13Rα1.
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Figure 3.15. IAV infection increases IL-13 and IL-13Rα1 expression in lungs in
Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated
with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova challenge. Mice were
sacrificed 3 dpi. (A) IL-13 protein expression in lung homogenate; (B) IL-13Rα1
mRNA; (C) IHC of IL-13Rα1 expression around small airways and (D)
Representative images (40X) of IL-13Rα1 stained lung tissue sections. Data are
presented as mean±SEM (n=6); *, # and δ represents P≤0.05 versus Sham, PR8
and Ova groups respectively.
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Figure 3.16. IAV infection increases IL-13 and IL-13Rα1 expression in rIL-13
treated mice.
BALB/c mice were administered with rIL-13 one day prior to inoculation with IAV
A/PR/8/34 (7.5 pfu) or media (at 0 dpi). rIL-13 administration was continued till 2 dpi.
Mice were sacrificed 3 dpi. (A) IL-13 in lung homogenates and (B) IL-13Rα1 mRNA
expression in lungs. Data are presented as mean ± SEM (n=6-8); *, # and δ
represents P≤0.05 versus Sham, PR8 and rIL-13 groups, respectively.
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3.4.3. IAV infection increases IL-13+CD4+ T-cells and IL-13+ NKT cells but
not IL-13+ ILC2s in experimental AAD
We then investigated the cellular source of IL-13. Flow cytometry was performed on
cells isolated from the lung homogenates of IL-13td-tom mice. Increased numbers of
IL-13+CD4+ T-cells were observed in sham-inoculated allergic mice compared to
sham-inoculated non-allergic controls. Infected mice with AAD had the highest
number of IL-13+CD4+ T-cells compared to sham-inoculated non-allergic, shaminoculated allergic and infected non-allergic controls (Figure 3.17A).
No significant changes in the numbers of IL-13+ NKT cells were observed in shaminoculated allergic mice compared to sham-inoculated non-allergic controls. Infected
non-allergic controls had the highest number of IL-13+ NKTcells compared to shaminoculated non-allergic control, sham-inoculated allergic controls and infected mice
with AAD (Figure 3.17B).
Increased numbers of IL-13+ ILC2 cells were observed in sham-inoculated allergic
mice compared to sham-inoculated non-allergic controls. Infected mice with AAD
had significantly increased number of IL-13+ ILC2 cells compared to infected nonallergic controls. However, a non-significant trend towards decrease in number of IL13+ ILC2 cells was observed in infected mice with AAD compared to sham-inoculated
allergic controls (Figure 3.17C).

These results shows that AAD with or without infection induces IL-13 production
predominantly from IL-13+CD4+ T-cells and to a lesser extent from IL-13+ ILC2 cells
but IAV infection alone induces high level of IL-13 production by IL-13+ NKTcells.
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Figure 3.17. Cellular source of IL-13 in IAV infection and Ova-induced experimental AAD.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were sacrificed 3 dpi. (A) IL-13+CD4+ T-cells gated as CD45+CD3+CD4+ and represented as per
million CD45+ cells; (B) IL-13+NKT cells gated as CD45+CD3+αGalCer+ and represented as per million CD45+ cells; (C) IL-13+NKT
cells gated as CD45+Lin-CD90.2+CD2-c-kit+ and represented as per million CD45+ cells. Data are presented as mean ± SEM (n=46); *, # and γ represents P≤0.05 versus Sham, PR8 and Ova+PR8 groups, respectively.
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3.4.4. IAV infection increases miR-21 expression in Ova-induced AAD
We then assessed the role of miR-21 in IAV and AAD. Non-infected allergic mice
(Ova) had significantly increased miR-21 expression compared with sham-inoculated
non-allergic controls (Sham). Infected non-allergic mice (PR8) also had increased
miR-21 expression compared with Sham. Infected mice with AAD (Ova+PR8) had
increased miR-21 expression compared to all other groups except infected nonallergic mice, where a non-statistical trend towards an increase in miR21 expression
was observed (Figure 3.18).

3.4.5. miR-21 increases in the luminal epithelium associated with small
airways in IAV infection in Ova-induced AAD
To identify the localization of miR-21, in situ hybridization (ISH) was performed in
histological sections of formalin fixed, paraffin embedded lungs. Representative
images of the stained lung sections showed increase in miR-21 localization to the
airway epithelium of sham-inoculated allergic controls compared with shaminoculated non-allergic controls. miR-21 localization was increased to the airway
epithelium of infected mice with AAD compared with sham-inoculated allergic
controls and infected non-allergic mice (Figure 3.19).

3.4.6. miR-21 expression increases in mice administered with rIL-13 and
infected with IAV
At 3dpi, miR-21 expression showed a non-statistical trend to an increase in the lung
tissues of rIL-13 treated mice (rIL-13) and infected non-allergic mice compared with
sham-inoculated controls (Sham). Infected rIL-13 treated mice (rIL-13+PR8) had a
significant increase in miR-21 expression compared with all controls (Figure 3.20).

3.4.7. miR-21 expression increases in HDM-induced AAD with IAV
infection
At 3dpi, miR-21 expression showed a non-statistical trend to an increase in the noninfected allergic mice (HDM) and infected non-allergic mice (PR8) compared with
sham-inoculated non-allergic controls (Sham). Infected mice with AAD (HDM+PR8)
had significantly increased miR-21 expression compared with all controls (Figure
3.21).
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Figure 3.18. miR-21 expression increases in Ova-induced AAD with IAV
infection.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated
with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova challenge. Mice were
sacrificed 3 dpi. Data are presented as mean ± SEM (n=6-8); * and δ represents
P≤0.05 versus Sham and Ova groups, respectively.

139

Figure 3.19. miR-21 is localised to the luminal epithelium associated with small
airways in IAV infection in Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated
with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova challenge. Mice were
sacrificed 3 dpi. Representative photomicrographs (40X) showing tissue localization
of miR-21 in histological sections of mouse lung collected on 3 dpi of the study
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protocol. Localisation of miR-21 in lung sections was characterised using in-situ
hybridisation analysis with a miR-21-specific locked nucleic acid (LNATM). miR-21positive signal (blue colour) is visible in epithelial cells associated with small airways.
miR-21-positive signal is not evident when a scrambled (Scr) LNATM miR probe was
employed. Nuclear Fast RedTM was used as counterstain.
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Figure 3.20. miR-21 expression increases in mice with rIL-13 treatment and IAV
infection.
BALB/c mice were administered rIL-13 one day prior to inoculation with IAV
A/PR/8/34 (7.5 pfu) or media (at 0 dpi). rIL-13 administration continued daily until 2
dpi. Mice were sacrificed 3 dpi. Data are presented as mean ± SEM (n=6-8); *, # and
δ represents P≤0.05 versus Sham, PR8 and rIL-13 groups, respectively.
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Figure 3.21. miR-21 expression increases

in HDM-induced AAD with IAV

infection.
BALB/c mice were sensitised with HDM or PBS (sham), challenged with HDM and
inoculated with IAV A/PR/8/34 (7.5 pfu, PR8, HDM+PR8) or media (control, HDM) on
the last day of HDM challenge. Mice were sacrificed 3 dpi. Data are presented as
mean ± SEM (n=6-8); *, δ represents P≤0.05 versus Sham, HDM group.
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3.4.8. IL-13-/- mice have lower viral titres in IAV infection
To further investigate the roles of IL-13 in susceptibility to IAV we assessed infection
in IL-13-/- mice. Wild-type (WT) and IL-13-/- mice were inoculated with IAV A/PR/8/34
(7.5 pfu) or media on day 0. Mice were sacrificed at 3 dpi (Figure 3.6). We observed
significant decreases in viral titre in infected IL-13-/- (IL-13-/-+PR8) mice at 3 dpi
compared to infected WT mice (PR8). This demonstrates that the absence of IL-13
during IAV infection leads to decreased viral titre in the lung (Figure 3.22).

3.4.9. IL-13-/- mice have reduced tissue inflammation in IAV infection
At 3dpi, no inflammation was recorded in sham-inoculated WT controls (Sham) or
sham-inoculated IL-13-/- control compared with infected WT mice. Infected IL-13-/mice had decreased histopathological score (indicative of reduced lung tissue
inflammation) compared to infected WT mice (Figure 3.23)

3.4.10. IL-13-/- mice have reduced AHR in IAV infection
At 3dpi, infected IL-13-/- mice had decreased transpulmonary resistance as
compared with infected WT mice. A basal transpulmonary resistance was observed
in sham-inoculated WT controls and sham-inoculated IL-13-/- control (Figure 3.24A).
Furthermore, infected IL-13-/- mice demonstrated increased dynamic compliance as
compared with infected WT mice. Likewise an increased dynamic compliance was
observed in sham-inoculated WT controls when compared with sham-inoculated IL13-/- control (Figure 3.24B) which did not attain statistical significance.

3.4.11. IAV infection in IL-13-/- mice have decreased miR-21 expression
At 3dpi, miR-21 expression was observed to be significantly increased in infected
WT mice when compared with sham-inoculated WT control. Infected IL-13-/- mice
had significantly decreased miR-21 expression compared with sham infected WT
mice.

However, in contrast to sham-inoculated IL-13-/- mice, an increased

expression of miR-21 was detected in infected IL-13-/- mice (Figure 3.25).

144

Figure 3.22. IL-13-/- mice have lower viral titres in IAV infection.
Wild-type (WT) and IL-13-/- mice were inoculated with IAV A/PR/8/34 (7.5 pfu) or
media on day 0. Mice were sacrificed 3 dpi.Data are presented as mean±SEM (n=68); # represents P≤0.05 versus PR8.
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Figure 3.23. IL-13-/- mice have reduced tissue inflammation in IAV infection.
Wild-type (WT) and IL-13-/- mice were inoculated with IAV A/PR/8/34 (7.5 pfu) or
media on day 0. Mice were sacrificed 3 dpi. (A) Total; (B) airway; (C) vascular and
(D) parenchymal inflammation score in haematoxylin and eosin (H&E) stained lung
sections; (E) Representative images of lung sections; Scale bar = 50µm. Data are
presented as mean ± SEM (n=6-8); *, # and γ represents P≤0.05 versus Sham, PR8
and IL-13-/- groups, respectively.
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Figure 3.24. IAV infection in IL-13-/- mice have decreased AHR.
Wild-type (WT) and IL-13-/- mice were inoculated with IAV A/PR/8/34 (7.5 pfu) or
media on day 0. Mice were sacrificed 3 dpi. (A) Transpulmonary resistance and (B)
dynamic compliance. Data are presented as mean ± SEM (n=6-8); *, # and γ
represents P≤0.05 versus Sham, PR8 and IL-13-/- groups, respectively.
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Figure 3.25. IAV infection in IL-13-/- mice have decreased miR-21 expression.
Wild-type (WT) and IL-13-/- mice were inoculated with IAV A/PR/8/34 (7.5 pfu) or
media on day 0. Mice were sacrificed 3 dpi. Data are presented as mean ± SEM
(n=6-8); *, # and γ represents P≤0.05 versus Sham, PR8 and IL-13-/- groups,
respectively.
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3.4.12. Treatment with anti-IL-13 reduces IAV infection and exacerbation
of experimental AAD
Our previous observations indicated that IL-13 plays a critical role in driving infectioninduced exacerbation of AAD. We next assessed whether inhibition of IL-13 could
protect against infection and reduce the severity of AAD following IAV infection and
be a potential human treatment. BALB/c mice were sensitized i.p. with Ova or PBS,
challenged i.n. with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media
intranasally on the last day of Ova challenge. Mice were treated i.p. with IL-13
specific monoclonal antibody (Anti-IL-13) or isotype from 0 dpi till 2 dpi. Mice were
sacrificed 3 dpi (Figure 3.11).

A non-significant trend towards increase in viral titre was observed in infected mice
with AAD compared to infected non-allergic control. Anti-IL-13 treated infected nonallergic mice (PR8+Anti-IL-13) had substantial reduced (2 log) viral titre compared to
isotype treated infected non-allergic control (PR8). Importantly, anti-IL-13 treated
infected mice with AAD (Ova+PR8+Anti-IL-13) had substantially reduced (2 log) viral
titre compared to isotype-treated infected allergic control (Ova+PR8) (Figure 3.26A).

A significant increase in lung tissue inflammation was observed in infected mice with
AAD compared to infected non-allergic control. Anti-IL-13 treated infected nonallergic mice had reduced tissue inflammation compared to isotype treated infected
non-allergic controls (PR8). Importantly, anti-IL-13 treated infected mice with AAD
(Ova+PR8+Anti-IL-13) had significantly reduced tissue inflammation compared to
isotype-treated infected allergic control (Ova+PR8) (Figure 3.26B and C).

A significant increase in eosinophil count (Figure 3.26D) and MSCs (Figure 3.26E
and F) was observed in infected mice with AAD compared to infected non-allergic
control.

Anti-IL-13 treated infected mice with AAD (Ova+PR8+Anti-IL-13)

demonstrated significantly reduced eosinophil count (Figure 3.26D) and MSCs
compared to isotype-treated infected allergic control (Ova+PR8, Figure 3.26E and
F).
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Isotype treated infected mice with AAD (Ova+PR8) but not anti-IL-13 treated or
untreated infected non-allergic controls (PR8+Anti-IL-13), had AHR with increased
transpulmonary resistance and decreased dynamic compliance compared with
isotype treated infected non-allergic controls (PR8). Importantly, anti-IL-13 treated
infected mice with AAD (Ova+PR8+Anti-IL-13) had significantly reduced AHR with
decreased transpulmonary resistance but still had decreased dynamic compliance
compared to isotype treated infected allergic controls (Figure 3.26G and H).

These results indicate that inhibition of IL-13 in AAD reduced viral titre, tissue
inflammation, number of eosinophils and MSCs and suppressed AHR during IAV
infection.

3.4.13. Treatment with anti-IL-13 reduces levels of IL-13 protein and IL13Rα1 mRNA expression in IAV infection in experimental AAD
Anti-IL13-treated infected non-allergic mice (PR8+Anti-IL-13) demonstrated a nonsignificant trend towards reduced IL-13 compared to isotype-treated infected nonallergic controls (PR8). Isotype-treated infected mice with AAD (Ova+PR8) had
significantly increased IL-13 compared to isotype-treated infected non-allergic
controls. Importantly, anti-IL13-treated infected mice with AAD (Ova+PR8+Anti-IL13) had significantly reduced IL-13 compared to isotype-treated infected allergic
controls (Figure 3.27A).

Anti-IL13-treated infected non-allergic mice, but not isotype-treated infected mice
with AAD had reduced IL-13Rα1 mRNA expression compared to isotype-treated
infected non-allergic controls (Figure 3.27B). Figure 3.27B demonstrates a decrease
in IL-13Rα1 expression in response to anti-IL-13 treatment in anti-IL13-treated
infected mice with AAD compared to isotype-treated infected mice with AAD,
however a non-statistical trend was observed. It can be further clarified by increasing
the power of the experiment. Additionally, anti-IL-13 suppresses IL-13 but does not
directly target the receptor and so has less of an effect.

These results show that inhibition of IL-13 reduces the IL-13 protein levels, and also
the expression of its receptor, IL-13Rα1.
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Figure 3.26. Treatment with anti-IL-13 reduces IAV infection and exacerbation of experimental AAD.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with anti-IL-13 antibody or isotype from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. (A)
Viral titre at 3 dpi; (B) Total inflammatory score in haematoxylin and eosin (H&E) stained lung sections; (C) Representative images
(10X) of H&E stained lung sections; Scale bar = 200µm; (D) Numbers of tissue eosinophils; (E) MSCs per 100 μm basement
membrane (BM) in periodic acid-Schiff (PAS) stained lung sections; (F) Representative images (10X) of PAS stained lung sections;
Scale bar = 50µm; (G) Transpulmonary resistance and (H) dynamic compliance. Data are presented as mean ± SEM (n=4-8); #
and γ represents P≤0.05 versus PR8 and Ova+PR8 groups, respectively.
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Figure 3.27. IAV infection decreases IL-13 and IL-13Rα1 expression in
Ova-induced AAD mice administered with anti-IL-13.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with anti-IL-13 antibody or isotype from 0 dpi till 2
dpi. Mice were sacrificed 3 dpi. (A) IL-13 in lung homogenates and (B) IL-13α1
mRNA expression in lungs. Data are presented as mean ± SEM (n=6-8); # and
γ represents P≤0.05 versus PR8 and Ova+PR8 groups, respectively.
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3.4.14. Treatment with anti-IL-13 reduces miR-21 expression in IAV
infection but not in IAV infection in experimental AAD
Anti-IL13-treated infected non-allergic mice (PR8+Anti-IL-13) had significantly
reduced miR-21 expression compared to isotype-treated infected non-allergic
controls (PR8). Isotype-treated infected mice with AAD (Ova+PR8) had
increased miR-21 expression compared to isotype-treated infected non-allergic
controls. Similar levels of miR-21 expression were observed in anti-IL13-treated
infected mice with AAD (Ova+PR8+Anti-IL-13) and isotype-treated infected
allergic controls (Figure 3.28).

3.4.15. Treatment with intranasal dexamethasone did not reduce
viral titre in IAV infection
To investigate whether steroid (dexamethasone) treatment could protect against
infection and reduce the severity of AAD following IAV infection, BALB/c mice
were sensitised by i.p. administration of with Ova or PBS and subsequently
challenged i.n. with Ova 12-15 days later. On the last day of Ova challenge,
mice were infected i.n. with IAV A/PR/8/34 (7.5 pfu) or media. Mice were treated
with dexamethasone (Dex) from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi
(Figure 3.7).

Viral titre was increased in sham-inoculated infected mice with AAD
(Ova+PR8+Veh)

and

dexamethasone-treated

non-allergic

infected

mice

(PBS+PR8+Dex) compared with sham-inoculated non-allergic infected mice
(PBS+PR8+Veh). However, dexamethasone-treated non-allergic infected mice
(PBS+PR8+Dex)

demonstrated

significantly

increased

viral

titre

when

compared with sham-inoculated non-allergic infected mice and sham-inoculated
infected mice with AAD (Figure 3.29).
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Figure 3.28. Treatment with anti-IL-13 reduces miR-21 expression in IAV
infection but not in IAV infection in experimental AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with anti-IL-13 antibody or isotype from 0 dpi till 2
dpi. Mice were sacrificed 3 dpi. Data are presented as mean ± SEM (n=6-8); #
and δ represents P≤0.05 versus PR8 and PR8+Anti-IL-13 groups, respectively.
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Figure 3.29. Viral titre at 3 dpi.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi.
Mice were sacrificed 3 dpi. Data are presented as mean ± SEM (n=6-8); δ and γ
represents

P≤0.05

versus

PBS+PR8+Veh

and

Ova+PR8+Veh

groups

respectively.
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No change in the viral titre was observed in response to dexamethasone
treatment in infected mice with AAD compared with sham-inoculated infected
mice

with

AAD.

Dexamethasone-treated

infected

mice

with

AAD

(Ova+PR8+Dex) showed significantly reduced viral titre compared with
dexamethasone-treated non-allergic infected mice (Figure 3.29). This indicates
that viral load was dexamethasone-insensitive in IAV infection following Ovainduced AAD.

3.4.16. Treatment with intranasal dexamethasone did not resolve
tissue inflammation in IAV infection
Sham-inoculated allergic non-infected mice (Ova+Sham+Veh) and shaminoculated non-allergic infected mice (PBS+PR8+Veh) had significantly
increased lung tissue inflammation compared with sham-inoculated non-allergic
non-infected controls (PBS+Sham+Veh) (Figure 3.30).

Sham-inoculated infected mice with AAD (Ova+PR8+Veh) had significantly
increased tissue inflammation compared with sham-inoculated non-allergic noninfected controls and sham-inoculated allergic non-infected mice. However, a
non-significant trend towards increase in tissue inflammation was observed
between sham-inoculated non-allergic infected mice and sham-inoculated
infected mice with AAD (Figure 3.30).

Tissue inflammation did not resolve on treatment with dexamethasone in
dexamethasone-treated allergic non-infected mice in contrast to shaminoculated allergic non-infected mice. Interestingly, significant increase in tissue
inflammation was observed in dexamethasone-treated non-allergic infected
mice when compared with sham-inoculated non-allergic infected mice.
However, dexamethasone-treated infected mice with AAD demonstrated a
significant reduction in tissue inflammation compared with sham-inoculated
infected mice with AAD (Figure 3.30).

This indicates that tissue inflammation was dexamethasone-insensitive in IAV
infection following Ova-induced AAD.
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Figure 3.30. Treatment with intranasal dexamethasone did not reduce tissue inflammation in IAV infection.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. (A) Total;
(B) airway; (C) vascular and (D) parenchymal inflammation score in haematoxylin and eosin (H&E) stained lung sections; (E)
Representative images (10X) of H&E stained lung sections; Scale bar = 200µm. Data are presented as mean±SEM (n=6-8); *, #, δ,
γ and λ represents P≤0.05 versus PBS+Sham+Veh, Ova+Sham+Veh, PBS+PR8+Veh, Ova+PR8+Veh and PBS+Sham+Dex
groups respectively.
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3.4.17. Treatment with intranasal dexamethasone did not reduce
tissue eosinophils in IAV infection following Ova-induced AAD
Sham-inoculated infected mice with AAD (Ova+PR8+Veh) had significantly
increased lung tissue eosinophils compared with sham-inoculated non-allergic
non-infected control (PBS+Sham+Veh) and sham-inoculated allergic noninfected mice (Ova+Sham+Veh) (Figure 3.31).

Significant decrease in tissue eosinophils was observed in dexamethasonetreated allergic non-infected mice (Ova+Sham+Dex) when compared with
sham-inoculated allergic non-infected mice. Interestingly, the tissue eosinophil
counts increased significantly in dexamethasone-treated infected mice with
AAD (Ova+PR8+Dex) compared with sham-inoculated infected mice with AAD
(Figure 3.31).

This indicates that tissue eosinophils were dexamethasone-insensitive in IAV
infection following Ova-induced AAD.

3.4.18. Treatment with intranasal dexamethasone reduces number of
MSCs in IAV infection following Ova-induced AAD
Sham-inoculated infected mice with AAD (Ova+PR8+Veh) had significantly
increased number of MSCs compared with sham-inoculated non-allergic noninfected control (PBS+Sham+Veh) and sham-inoculated allergic non-infected
mice (Ova+Sham+Veh) (Figure 3.32)

Significant decrease in number of MSCs was observed in dexamethasonetreated allergic non-infected mice (Ova+Sham+Dex) when compared with
sham-inoculated allergic non-infected mice. Likewise, number of MSCs was
reduced significantly in dexamethasone-treated infected mice with AAD
(Ova+PR8+Dex) compared with sham-inoculated infected mice with AAD
(Figure 3.32).

This indicates that the number of MSCs was dexamethasone-sensitive in IAV
infection following Ova-induced AAD.
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Figure 3.31. Treatment with intranasal dexamethasone did not reduce
tissue eosinophils.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi.
Mice were sacrificed 3 dpi. Data are presented as mean±SEM (n=6-8); *, #, γ
and

λ

represents

P≤0.05

versus

PBS+Sham+Veh,

Ova+Sham+Veh,

Ova+PR8+Veh and PBS+Sham+Dex groups respectively.
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Figure 3.32. Treatment with intranasal dexamethasone reduces the number of MSCs.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. (A) MSCs
number per 100μm basement membrane in periodic acid-Schiff (PAS) stained lung sections; (B) Representative images (20X) of
PAS stained lung sections; Scale bar = 200μm. Data are presented as mean±SEM (n=6-8); *, #, γ and λ represents P≤0.05 versus
PBS+Sham+Veh, Ova+Sham+Veh, Ova+PR8+Veh and PBS+Sham+Dex groups respectively
.
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3.4.19. Treatment with intranasal dexamethasone worsens AHR
substantially in IAV infection following Ova-induced AAD
Ova and PR8 challenge in sham-inoculated allergic non-infected mice
(Ova+Sham+Veh)

and

sham-inoculated

non-allergic

infected

mice

(PBS+PR8+Veh) respectively induced significant increase transpulmonary
resistance compared to sham-inoculated non allergic non-infected control
(PBS+Sham+Veh) (Figure 3.33 A).

Dexamethasone-treated

allergic

non-infected

mice

(Ova+Sham+Dex)

demonstrated a significant reduction in transpulmonary resistance in contrast to
sham-inoculated allergic non-infected mice (Ova+Sham+Veh). However,
dexamethasone administration aggravated transpulmonary resistance in
dexamethasone-treated non-allergic infected mice (PBS+PR8+Dex) and
dexamethasone-treated infected mice with AAD (Ova+PR8+Dex) when
compared with sham-inoculated non-allergic infected mice (PBS+PR8+Veh)
and sham-inoculated infected mice with AAD (Ova+PR8+Veh) respectively
(Figure 3.33 A). Likewise, dexamethasone treatment suppressed Ova-induced
but not IAV infection induced dynamic compliance (Figure 3.33 B).

Consequently, dexamethasone treatment suppressed Ova-induced but not IAV
infection induced AHR. Importantly, dexamethasone treatment in IAV infected
group further worsened AHR.

3.4.20. Treatment with intranasal dexamethasone had no effect on
miR-21 expression in IAV infection following Ova-induced AAD
Sham-inoculated infected mice with AAD (Ova+PR8+Veh) demonstrated a nonsignificant trend towards increased miR-21 expression compared with shaminoculated non-allergic non-infected mice (PBS+Sham+Veh), sham-inoculated
allergic non-infected mice (Ova+Sham+Veh) and sham-inoculated non-allergic
infected mice (PBS+PR8+Veh) (Figure 3.34).

No effect of dexamethasone treatment was observed on miR-21 expression in
dexamethasone-treated allergic non-infected mice (Ova+Sham+Dex), sham164

Figure 3.33. Treatment with intranasal dexamethasone worsens AHR
substantially.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi.
Mice were sacrificed 3 dpi. (A) Transpulmonary resistance and (B) dynamic
compliance. Data are presented as mean±SEM (n=6); *, #, γ and λ represents
P≤0.05

versus

PBS+Sham+Veh,

Ova+Sham+Veh,

Ova+PR8+Veh

and

PBS+Sham+Dex groups respectively.
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Figure 3.34. Treatment with intranasal dexamethasone had no effect on
miR-21 expression.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with dexamethasone (Dex) from 0 dpi till 2 dpi.
Mice were sacrificed 3 dpi. Data are presented as mean±SEM (n=6).
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inoculated non-allergic infected mice (PBS+PR8+Dex) and sham-inoculated
infected mice with AAD (Ova+PR8+Dex) compared with their respective
controls (Figure 3.34) in contrast to previous data shown in Fig. 3.18. This can
be attributed to (1) the influence of vehicle (DMSO) on the progression of
disease in the model in Figure 3.34 whereas PBS was the vehicle administered
to the Sham group in Figure 3.18. Also the basal relative expression of miR-21
was observed to be higher in Figure 3.34 in compared with Figure 3.18,
meaning that there was less margin for an increase and (2) the sample size,
which was different in two figures where Figure 3.34 had n=6 including outliers
while Figure 3.18 had n=8 with no outliers. This indicates that dexamethasone
treatment did not suppress miR-21 expression in IAV infection following Ovainduced AAD.

3.4.21. Treatment with intranasal Ant-21 reduces viral titre in IAV
infection following Ova-induced AAD
Our investigations revealed that IAV infection in AAD models (Ova and HDM)
not only increased IL-13 protein levels, but also the expression of its receptor,
IL-13Rα1 (Figure 2.6 and 3.15). To further identify the mechanism involved
downstream of IL-13/IL-13Rα1, we investigated miR-21 as a potential target
molecule driving increase susceptibility to IAV infection in experimental AAD.
miR-21 expression was observed to be significantly increased in response to
IAV infection in AAD (Figure 3.18, 3.19 and 3.21). Furthermore, IAV infection
also increased miR-21 expression in mice administered with rIL-13 (Figure
3.20).

To further investigate the functional role of miR-21 in driving susceptibility to IAV
infection we targeted miR-21 using specific inhibitor, antagomir 21 (Ant-21).
BALB/c mice were sensitised by i.p. administration of Ova or PBS and
subsequently challenged i.n. with Ova 12-15 days later. On the last day of Ova
challenge, mice were infected with IAV A/PR/8/34 (7.5 pfu) or media. Mice were
treated with Ant-21 or scrambled control on 0 dpi. Mice were sacrificed 3 dpi.
(Figure 3.8).
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Increased viral titre was observed in sham-inoculated infected mice with AAD
(Ova+PR8) at 3 dpi compared with sham-inoculated infected non-allergic
controls (PR8). Ant-21-treated infected non-allergic mice (PR8+Ant-21) had
significantly reduced viral titre compared with Scr-treated infected non-allergic
control (PR8+Scr). Importantly, Ant-21-treated infected mice with AAD
(Ova+PR8+Ant-21) demonstrated significant reduction in the viral titre
compared with Scr-treated infected mice with AAD (Ova+PR8+Scr) (Figure
3.35).

3.4.22.

Treatment

with

intranasal

Ant-21

suppresses

tissue

inflammation in IAV infection following Ova-induced AAD
Significant increase in tissue inflammation was observed in sham-inoculated
infected mice with AAD (Ova+PR8) at 3 dpi compared with sham-inoculated
non-allergic non-infected control (Sham) and sham-inoculated infected nonallergic controls (PR8). Ant-21-treated infected non-allergic mice (PR8+Ant-21)
demonstrated significantly reduced tissue inflammation compared with both
sham-inoculated infected non-allergic controls and Scr-treated infected nonallergic

control.

Importantly,

Ant-21-treated

infected

mice

with

AAD

(Ova+PR8+Ant-21) demonstrated significant reduction in tissue inflammation
compared with sham-inoculated infected mice with AAD and Scr-treated
infected mice with AAD (Ova+PR8+Scr) (Figure 3.36).

3.4.23. Treatment with intranasal Ant-21 suppresses number of
MSCs in IAV infection following Ova-induced AAD
Sham-inoculated infected mice with AAD (Ova+PR8) had significantly increased
number of MSCs compared with sham-inoculated non-allergic non-infected
control (Sham) and sham-inoculated infected non-allergic controls (PR8)
(Figure 3.37). Ant-21-treated infected mice with AAD (Ova+PR8+Ant-21)
demonstrated significantly reduced number of MSCs compared with shaminoculated infected mice with AAD (Ova+PR8) and Scr-treated infected mice
with AAD (Ova+PR8+Scr) (Figure 3.37).
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Figure 3.35. Viral titre at 3 dpi.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice
were sacrificed 3 dpi. Data are presented as mean ± SEM (n=6-8); δ and λ
represents P≤0.05 versus PR8+Scr and Ova+PR8+Scr groups, respectively.
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Figure 3.36. Treatment with intranasal Ant-21 suppresses tissue inflammation in IAV infection following Ova-induced AAD.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice were sacrificed 3 dpi. (A) Total; (B)
airway; (C) parenchymal and (D) vascular inflammation score in haematoxylin and eosin (H&E) stained lung sections; (E)
Representative images (10X) of H&E stained lung sections; Scale bar = 200µm. Data are presented as mean±SEM (n=6-8). *, #, γ,
δ, and λ represents P≤0.05 versus Sham, PR8, Ova+PR8, PR8+Scr and Ova+PR8+Scr groups respectively.
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Figure 3.37. Treatment with intranasal Ant-21 suppresses number of MSCs in IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice were sacrificed 3 dpi. (A) MSCs per
100μm basement membrane (BM) in periodic acid-Schiff (PAS) stained lung sections; (B) Representative images (20X) of PAS
stained lung sections; Scale bar = 50µm. Data are presented as mean±SEM (n=6-8); *, #, γ and λ represents P≤0.05 versus Sham,
PR8, Ova+PR8 and Ova+PR8+Scr groups respectively.
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3.4.24. Treatment with intranasal Ant-21 suppresses number of
tissue eosinophils in IAV infection following Ova-induced AAD
Sham-inoculated infected mice with AAD (Ova+PR8) had significantly increased
number of eosinophils compared with sham-inoculated non-allergic non-infected
control (Sham) and sham-inoculated infected non-allergic controls (PR8)
(Figure 3.38).

Ant-21-treated infected mice with AAD (Ova+PR8+Ant-21) demonstrated
significantly reduced number of eosinophils compared with sham-inoculated
infected mice with AAD (Ova+PR8) and Scr-treated infected mice with AAD
(Ova+PR8+Scr) (Figure 3.38).

3.4.25. Treatment with intranasal Ant-21 does not suppress AHR in
IAV infection following Ova-induced AAD
Increased transpulmonary resistance was observed in sham-inoculated infected
mice with AAD (Ova+PR8) at 3 dpi compared with sham-inoculated non-allergic
non-infected control (Sham) and sham-inoculated infected non-allergic controls
(PR8). No reduction in transpulmonary resistance was observed in Ant-21treated infected non-allergic mice (PR8+Ant-21) compared with both shaminoculated infected non-allergic controls and Scr-treated infected non-allergic
control (Figure 3.39A).

Ant-21-treated infected mice with AAD (Ova+PR8+Ant-21) did not show any
reduction in the transpulmonary resistance compared with sham-inoculated
infected mice with AAD (Ova+PR8) and Scr-treated infected mice with AAD
(Ova+PR8+Scr) (Figure 3.39A).

Likewise, decreased dynamic compliance was observed in sham-inoculated
infected mice with AAD (Ova+PR8) at 3 dpi compared with sham-inoculated
non-allergic non-infected control (Sham) and sham-inoculated infected nonallergic controls (PR8) (Figure 3.39B).
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Figure 3.38. Treatment with intranasal Ant-21 suppresses number of
tissue eosinophils in IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice
were sacrificed 3 dpi. Data are presented as mean±SEM (n=6-8); *, #, γ and λ
represents P≤0.05 versus Sham, PR8, Ova+PR8 and Ova+PR8+Scr groups
respectively.
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Figure 3.39. Treatment with intranasal Ant-21 does not suppress AHR in
IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice
were sacrificed 3 dpi. (A) Transpulmonary resistance and (B) dynamic
compliance. Data are presented as mean±SEM (n=6-8). * represents P≤0.05
versus Sham.
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No increase in dynamic compliance was demonstrated in Ant-21-treated
infected non-allergic mice (PR8+Ant-21) compared with both sham-inoculated
infected non-allergic controls and Scr-treated infected non-allergic control. Ant21-treated infected mice with AAD (Ova+PR8+Ant-21) also did not show any
increase in dynamic compliance compared with sham-inoculated infected mice
with AAD (Ova+PR8) and Scr-treated infected mice with AAD (Ova+PR8+Scr)
(Figure 3.39B).

3.4.26.

Treatment

with

intranasal

Ant-21

suppresses

miR-21

expression in IAV infection following Ova-induced AAD
miR-21 expression was observed to be significantly increased in shaminoculated infected mice with AAD (Ova+PR8) at 3 dpi as compared with shaminoculated non-allergic non-infected control (Sham) and sham-inoculated
infected non-allergic controls (PR8). Ant-21-treated infected non-allergic mice
(PR8+Ant-21) demonstrated significant reduction in miR-21 expression
compared with sham-inoculated infected non-allergic control and Scr-treated
infected non-allergic control (Figure 3.40).

Importantly, Ant-21-treated infected mice with AAD (Ova+PR8+Ant-21)
demonstrated significant reduction in miR-21 expression compared with shaminoculated infected mice with AAD and Scr-treated infected mice with AAD
(Ova+PR8+Scr) (Figure 3.40).

3.4.27. Treatment with intranasal LY29 reduces viral titre in IAV
infection following Ova-induced AAD
We have already shown that the susceptibility of individuals with COPD to IAV
infection is mediated by increased PI3K-p110α activity. To determine, whether
increased PI3K-p110α activity also regulates susceptibility of AAD to IAV
infection, we used PI3K inhibitor (LY294002). BALB/c mice were sensitised by
i.p administration of Ova or PBS and subsequently challenged i.n. with Ova 1215 days later. On the last day of Ova challenge, mice were infected i.n. with IAV
A/PR/8/34 (7.5 pfu) or media. Mice were treated with LY29 or vehicle from 0 dpi
till 2 dpi. Mice were sacrificed 3 dpi (Figure 3.10).
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Figure 3.40. Treatment with intranasal Ant-21 suppresses miR-21
expression in IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with Ant-21 or scrambled control on 0 dpi. Mice
were sacrificed 3 dpi. Data are presented as mean±SEM (n=6-8). *, #, γ, δ and
λ

represents

P≤0.05

versus

Sham,

PR8,

Ova+PR8,

PR8+Scr

and

Ova+PR8+Scr groups respectively.
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A non-significant trend towards increased viral titre was observed in shaminoculated infected mice with AAD (Ova+PR8+Veh) at 3 dpi compared with
sham-inoculated infected non-allergic controls (PBS+PR8+Veh). LY29-treated
infected non-allergic mice (PBS+PR8+LY29) had significantly reduced viral titre
compared with sham-inoculated infected non-allergic control. Importantly, LY29treated infected mice with AAD (Ova+PR8+LY29) demonstrated significant
reduction in the viral titre compared with sham-inoculated infected mice with
AAD (Ova+PR8+Veh) (Figure 3.41).

3.4.28.

Treatment

with

intranasal

LY29

suppresses

tissue

inflammation in IAV infection following Ova-induced AAD
Tissue inflammation was observed to be significantly increased in shaminoculated infected mice with AAD (Ova+PR8+Veh) at 3 dpi compared with
sham-inoculated non-infected non-allergic mice (PBS+Media+Veh), shaminoculated

non-infected

allergic

(Ova+Media+Veh)

and

sham-inoculated

infected non-allergic controls (PBS+PR8+Veh).

LY29-treated infected non-allergic mice (PBS+PR8+LY29) demonstrated
significant reduction in tissue inflammation compared with infected non-allergic
controls and sham-inoculated infected mice with AAD. Importantly, LY29treated infected mice with AAD (Ova+PR8+LY29) demonstrated significant
reduction in tissue inflammation compared with sham-inoculated infected mice
with AAD (Ova+PR8+Veh) (Figure 3.42).

3.4.29. Treatment with intranasal LY29 suppresses number of MSCs
in IAV infection following Ova-induced AAD
Sham-inoculated allergic non-infected mice (Ova+Media+Veh) demonstrated
significantly increased numbers of MSCs around the small airways compared
with sham-inoculated non-infected non-allergic controls (PBS+Media+Veh). A
non-significant trend towards increased number of MSCs was observed in
sham-inoculated infected mice with AAD compared to sham-inoculated allergic
non-infected mice. LY29 treatment significantly reduced number of MSCs back
to basal in LY29-treated infected mice with AAD (Ova+PR8+LY29) compared
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with sham-inoculated infected mice with AAD (Ova+PR8+Veh) and shaminoculated non-infected allergic mice (Figure 3.43).

3.4.30. Treatment with intranasal LY29 suppresses number of tissue
eosinophils in IAV infection following Ova-induced AAD
Sham-inoculated allergic non-infected mice (Ova+Media+Veh) demonstrated
significantly increased numbers of tissue eosinophils around the small airways
compared

with

sham-inoculated

non-infected

non-allergic

controls

(PBS+Media+Veh). Number of eosinophils was observed to be significantly
increase in sham-inoculated infected mice with AAD compared to shaminoculated allergic non-infected mice. LY29 treatment significantly reduced
number of tissue eosinophils back to basal in LY29-treated infected mice with
AAD (Ova+PR8+LY29) compared with sham-inoculated infected mice with AAD
(Ova+PR8+Veh) and sham-inoculated non-infected allergic mice (Figure 3.44).

3.4.31. Treatment with intranasal LY29 does not suppress AHR in
IAV infection following Ova-induced AAD
Increased transpulmonary resistance was observed in sham-inoculated noninfected allergic mice (Ova+Media+Veh) at 3 dpi as compared with shaminoculated non-allergic non-infected controls (PBS+Media+Veh). Reduction in
transpulmonary resistance was observed in LY29-treated infected non-allergic
mice (PBS+PR8+LY29) compared with sham-inoculated infected non-allergic
control

(PBS+PR8+Veh).

LY29-treated

infected

mice

with

AAD

(Ova+PR8+LY29) did not show any reduction in the transpulmonary resistance
compared with sham-inoculated infected mice with AAD (Ova+PR8+Veh)
(Figure 3.45A).
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Figure 3.41. Viral titre at 3 dpi.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and
inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova
challenge. Mice were treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice
were sacrificed 3 dpi. Data are presented as mean ± SEM (n=6-8); # and γ
represents

P≤0.05 versus PBS+PR8+Veh and Ova+PR8+Veh

groups,

respectively.
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Figure 3.42. Treatment with intranasal LY29 suppresses tissue inflammation in IAV infection following Ova-induced AAD.
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BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. (A) Total; (B)
airway; (C) parenchymal and (D) vascular inflammation score in haematoxylin and eosin (H&E) stained lung sections; (E)
Representative images (10X) of H&E stained lung sections; Scale bar = 200µm. Data are presented as mean±SEM (n=6-8). *, #, δ
and γ represents P≤0.05 versus PBS+Media+Veh, PBS+PR8+Veh, Ova+Media+Veh and Ova+PR8+Veh groups respectively.

182

Figure 3.43. Treatment with intranasal LY29 suppresses number of MSCs in IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of Ova challenge. Mice were treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. (A) MSCs per 100
μm basement membrane in periodic acid-Schiff (PAS) stained lung sections; (B) Representative images (20X) of PAS stained lung
sections; Scale bar = 200µm. Data are presented as mean±SEM (n=6-8). *, # and γ represents P≤0.05 versus PBS+Media+Veh,
PBS+PR8+Veh and Ova+PR8+Veh groups respectively.
183

Figure 3.44. Treatment with intranasal LY29 suppresses number of tissue
eosinophils in IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated
with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova challenge. Mice were
treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. Data are
presented as mean±SEM (n=6-8). *, #, δ and γ represents P≤0.05 versus
PBS+Media+Veh, PBS+PR8+Veh, Ova+Media+Veh and Ova+PR8+Veh groups
respectively.
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Figure 3.45. Treatment with intranasal LY29 does not suppress AHR in IAV
infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated
with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova challenge. Mice were
treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. (A)
Transpulmonary resistance and (B) dynamic compliance. Data are presented as
mean±SEM (n=6-8). *, # and δ represents P≤0.05 versus PBS+Media+Veh,
PBS+PR8+Veh, and Ova+Media+Veh groups respectively.
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Likewise, decreased dynamic compliance was observed in sham-inoculated noninfected allergic mice (Ova+Media+Veh) at 3 dpi compared with sham-inoculated
non-allergic non-infected controls (PBS+Media+Veh). No increase in dynamic
compliance

was

demonstrated

in

LY29-treated

infected

non-allergic

mice

(PBS+PR8+LY29) compared with sham-inoculated infected non-allergic control
(PBS+PR8+Veh). LY29-treated infected mice with AAD (Ova+PR8+LY29) also did
not show any increase in the dynamic compliance compared with sham-inoculated
infected mice with AAD (Ova+PR8+Veh) (Figure 3.45B).

3.4.32. Treatment with intranasal LY29 does not suppress miR-21
expression in IAV infection following Ova-induced AAD
miR-21 expression was observed to be significantly increased in sham-inoculated
allergic non-infected mice (Ova+Media+Veh) at 3 dpi compared with shaminoculated non-allergic non-infected controls (PBS+Media+Veh).

A non-significant trend towards increased miR-21 expression was observed in shaminoculated infected mice with AAD (Ova+PR8+Veh) compared with sham-inoculated
allergic non-infected mice (Ova+Media+Veh) and sham-inoculated infected nonallergic mice (PBS+PR8+Veh).

LY29 treatment in infected non-allergic mice (PBS+PR8+LY29) did not reduce miR21 expression compared with infected non-allergic controls. Similarly, no reduction in
miR-21 expression was observed in LY29-treated infected mice with AAD
(Ova+PR8+LY29) when compared with sham-inoculated infected mice with AAD
(Ova+PR8+Veh) (Figure 3.46)
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Figure 3.46. Treatment with intranasal LY29 does not suppress miR-21
expression in IAV infection following Ova-induced AAD.
BALB/c mice were sensitised with Ova or PBS, challenged with Ova and inoculated
with IAV A/PR/8/34 (7.5 pfu) or media on the last day of Ova challenge. Mice were
treated with LY29 or vehicle from 0 dpi till 2 dpi. Mice were sacrificed 3 dpi. Data are
presented as mean±SEM (n=6-8). * represents P≤0.05 versus PBS+Media+Veh
group.
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3.4.33. IAV infection influences IL-13Rα1 expression in experimental
COPD
Our laboratory has demonstrated that infected mice with experimental COPD had
more severe infection characterised by increased viral titre and pulmonary
inflammation. To further investigate the mechanism involved in the increased
susceptibility of IAV infection in COPD, BALB/c mice were exposed to normal air or
CS through the nose only for 8 weeks. The mice were infected i.n. with IAV
A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were
sacrificed 7 dpi (Figure 3.4).

Localization of IL-13Rα1 in lung tissues was observed using IHC, where IL-13Rα1
expression was observed to be significantly increased in the airway epithelium of
non-infected smoke-exposed mice (Smk), infected normal air-exposed mice (PR8)
and infected mice with COPD (Smk+PR8) compared with non-infected normal airexposed mice (control) (Figure 3.47). However, a non-significant trend towards
increase in IL-13Rα1 expression was observed in infected mice with COPD
compared with non-infected smoke-exposed mice and infected normal air-exposed
mice (Figure 3.47).

3.4.34. IAV infection increases localization of miR-21 expression in
experimental COPD
To further investigate the mechanism involved in driving susceptibility of COPD to
IAV infection downstream of IL-13Rα1, we investigated miR-21 as a potential target
molecule. Localization of miR-21 was performed in histological sections of formalin
fixed, paraffin embedded lungs using ISH. Representative images of the stained lung
sections showed increase in miR-21 localization to the luminal epithelium of small
airways of non-infected smoke-exposed mice (Smk) compared to non-infected
normal air-exposed mice (control). Also, miR-21 localization was increased to the
airway epithelium of infected mice with COPD compared with non-infected smokeexposed mice and infected normal air-exposed mice (PR8) (Figure 3.48).
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Figure 3.47. IAV infection influences IL-13Rα1 expression in experimental COPD.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of
smoke exposure. Mice were sacrificed 7 dpi. (A) IL-13Rα1 expression around small airways and (B) Representative images (40X)
of IL-13Rα1 stained lung tissue sections. Scale bar = 50μm. Data are presented as mean±SEM (n=4); *P≤0.05 versus control
group.
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Figure 3.48. miR-21 is localised to the luminal epithelium associated with small
airways in IAV infection in experimental COPD.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV
A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were
sacrificed 7 dpi. Representative photomicrographs (40X) showing tissue localization
of miR-21 in histological sections of mouse lung collected on 3 dpi of the study
protocol. Localisation of miR-21 in lung sections was characterised using in-situ
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hybridization analysis with a miR-21-specific locked nucleic acid (LNATM). miR-21positive signal (blue colour) is visible in epithelial cells associated with small airways.
miR-21-positive signal is not evident when a scrambled (Scr) LNATM miR probe was
employed. Nuclear Fast RedTM was used as counterstain.
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3.4.35. IAV infection increases number of MSCs in experimental COPD
At 7 dpi, non-infected smoke-exposed mice (Smk) and infected mice with COPD
(Smk+PR8) had significantly increased number of MSCs compared with non-infected
normal air-exposed mice (control). Also, infected mice with COPD had significantly
higher number of MSCs compared with non-infected smoke-exposed mice and
infected normal air-exposed mice. Majority of the MSCs was observed to be present
in large airways when compared with small airways (Figure 3.49).

3.4.36. Treatment with Anti-IL-13 reduces viral titre in experimental
COPD with IAV infection
We next assessed whether inhibition of IL-13 could protect against infection and
reduce the severity of COPD following IAV infection and be a potential human
treatment. BALB/c mice were exposed to normal air or CS through the nose only for
8 weeks. The mice were infected i.n. with IAV A/PR/8/34 (7.5 pfu) or media on the
last day of smoke exposure. Mice were treated i.p. with IL-13 specific monoclonal
antibody (Anti-IL-13) or isotype on day 0, 2, 4 and 6 dpi. Mice were sacrificed 7 dpi
(Figure 3.12).

At 7 dpi, a significant increase in viral titre was observed in isotype-treated infected
smoke-exposed mice compared with isotype-treated infected normal air-exposed
mice. A non-significant trend towards reduced viral titre was observed in Anti-IL-13treated infected normal air-exposed mice compared with isotype-treated infected
normal air-exposed mice. Also, Anti-IL-13-treated infected mice with COPD
demonstrated significantly reduced viral titre compared with isotype-treated infected
mice with COPD (Figure 3.50).
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Figure 3.49. IAV infection increases number of MSCs in chronically cigarette smoke-exposed mice.
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BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of
smoke exposure. Mice were sacrificed 7 dpi. (A) Mucus secreting cells per 100μm basement membrane (BM) in periodic acidSchiff (PAS) stained lung sections. (B) Representative images (20X) of stained lung tissue sections. Scale bar = 50μm. Data are
presented as mean±SEM (n=6). *, δ, # represents P≤0.05 versus control, Smk and PR8 groups respectively.
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Figure 3.50. Viral titre at 7 dpi.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV
A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were treated
anti-IL-13 antibody or isotype on day 0, 2, 4 and 6 dpi. Mice were sacrificed 7 dpi.
Data are presented as mean ± SEM (n=6-8). # and δ represents P≤0.05 versus
Control+PR8+Isotype and Smk+PR8+Isotype groups, respectively.
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3.4.37. Treatment with Anti-IL-13 decreases tissue inflammation in
experimental COPD with IAV infection
At 7 dpi, a significant increase in tissue inflammation was observed in isotype-treated
infected smoke-exposed mice compared with isotype-treated infected normal airexposed mice. Tissue inflammation was significantly decreased in Anti-IL-13-treated
infected normal air-exposed mice and Anti-IL-13-treated infected mice with COPD
compared with isotype-treated infected normal air-exposed mice and isotype-treated
infected mice with COPD respectively (Figure 3.51).

3.4.38.

Treatment

with

Anti-IL-13

reduces

number

of

MSCs

in

experimental COPD with IAV infection
At 7 dpi, a significant increase in number of MSCs was observed in isotype-treated
infected smoke-exposed mice compared with isotype-treated infected normal airexposed mice. Anti-IL-13 treatment in infected mice with COPD significantly reduced
the number of MSCs compared with isotype-treated infected mice with COPD
(Figure 3.52).

3.4.39. Treatment with Anti-IL-13 did not inhibit miR-21 expression in
experimental COPD with IAV infection
miR-21 expression was not reduced in Anti-IL-13-treated infected normal airexposed mice compared with isotype-treated infected normal air-exposed mice.
However, a non-significant trend towards decrease in miR-21 expression was
observed in Anti-IL-13 treated infected mice with COPD compared with isotypetreated infected mice with COPD (Figure 3.53).

3.4.40. Inhibition of miR-21 reduces viral titre in experimental COPD with
IAV infection
To further investigate the functional role of miR-21 in driving increased susceptibility
of IAV infection in COPD, we targeted miR-21 using specific inhibitor, antagomir 21
(Ant-21). BALB/c mice were exposed to normal air or CS through the nose only for 8
weeks. The mice were infected i.n. with IAV A/PR/8/34 (7.5 pfu) or media on the last
day of smoke exposure. Mice were treated with Ant-21 or scrambled control once a
week from week 6 till week 8. Mice were sacrificed 7 dpi (Figure 3.9).
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Figure 3.51. Treatment with Anti-IL-13 decreases tissue inflammation in experimental COPD with IAV infection.
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BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of
smoke exposure. Mice were treated anti-IL-13 antibody or isotype on day 0, 2, 4 and 6 dpi. Mice were sacrificed 7 dpi. (A) Total;
(B) airway; (C) parenchymal and (D) vascular inflammation score in haematoxylin and eosin (H&E) stained lung sections; (E)
Representative images (10X) of H&E stained lung sections; Scale bar = 200µm. Data are presented as mean±SEM (n=6-8). # and
δ represents P≤0.05 versus Control+PR8+Isotype and Smk+PR8+Isotype groups, respectively.
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Figure 3.52. Treatment with Anti-IL-13 reduces number of MSCs in
experimental COPD with IAV infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV
A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were treated
anti-IL-13 antibody or isotype on day 0, 2, 4 and 6 dpi. Mice were sacrificed 7 dpi.
(A) Mucus secreting cells per 100 μm basement membrane in periodic acid-Schiff
(PAS) stained lung sections; (B) Representative images (20X) of stained lung tissue
sections; Scale bar = 50μm. Data are presented as mean±SEM (n=6). *, δ
represents P≤0.05 versus Control+PR8+Isotype and Smk+PR8+Isotype group.
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Figure 3.53. Treatment with Anti-IL-13 did not inhibit miR-21 expression in
experimental COPD with IAV infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV
A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were treated
anti-IL-13 antibody or isotype on day 0, 2, 4 and 6 dpi. Mice were sacrificed 7 dpi.
Data are presented as mean±SEM (n=6).
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At 7 dpi, viral titre was observed to be significantly increased in infected smokeexposed mice (Smk+PR8) compared with Scr-treated infected normal air-exposed
mice (Scr+PR8). Further, Ant-21 treatment significantly reduced viral titre in infected
normal air-exposed mice compared with Scr-treated infected normal air-exposed
mice. Also, Ant-21-treated infected mice with COPD demonstrated significantly
reduced viral titre in contrast to isotype-treated infected mice with COPD (Figure
3.54).

3.4.41. Treatment with intranasal Ant-21 suppresses tissue inflammation
in experimental COPD with IAV infection
At 7dpi, non-infected smoke-exposed mice exhibited significant increase in lung
tissue inflammation compared with non-infected normal air-exposed mice. Infected
normal air-exposed mice also had increased histopathological scores compared with
non-infected normal air-exposed mice. Infected smoke-exposed mice had increased
histopathological scores compared with non-infected normal air-exposed mice,
infected normal air-exposed mice and non-infected smoke-exposed mice alone
(Figure 3.55).

Ant-21 treatment in non-infected smoke-exposed mice and infected normal airexposed mice demonstrated a non-significant trend towards reduced tissue
inflammation compared with Scr-treated non-infected smoke-exposed mice and Scrtreated infected air-exposed mice respectively. Likewise, Ant-21-treated infected
mice with COPD exhibited significantly reduced tissue inflammation compared with
Scr-treated infected mice with COPD (Figure 3.55).
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Figure 3.54. Viral titre at 7 dpi.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV
A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were treated
with Ant-21 or scrambled control once a week from week 6 till week 8. Mice were
sacrificed 7 dpi. Data are presented as mean ± SEM (n=6-8). # and δ represents
P≤0.05 versus Scr+PR8 and Smk+PR8 groups, respectively.
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Figure 3.55. Treatment with intranasal Ant-21 suppresses tissue inflammation in experimental COPD with IAV infection.
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BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of
smoke exposure. Mice were treated with Ant-21 or scrambled control once a week from week 6 till week 8. Mice were sacrificed 7
dpi. (A) Total; (B) airway; (C) parenchymal and (D) vascular inflammation score in haematoxylin and eosin (H&E) stained lung
sections; (E) Representative images (10X) of H&E stained lung sections; Scale bar = 200µm. Data are presented as mean±SEM
(n=6-8). *, γ, # and δ represent P≤0.05 versus control, Smk, PR8 and Smk+PR8 groups, respectively.
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3.4.42. Treatment with intranasal Ant-21 reduces number of MSCs back
to base line in experimental COPD with IAV infection
At 7 dpi, a significant increase in the number of MSCs was observed in infected
smoke-exposed mice (Smk+PR8) compared with non-infected normal air-exposed
mice (Control) and non-infected smoke-exposed mice (Smk). Furthermore, Ant-21
treatment reduced number of MSCs back to base line in non-infected smokeexposed mice (Smk+Ant-21), infected normal air-exposed mice (Ant-21+PR8) and
infected mice with COPD (Smk+Ant-21+PR8) compared with their respective Scrtreated controls (Figure 3.56).

3.4.43. Treatment with intranasal Ant-21 suppresses miR-21 expression
back to base line in experimental COPD with IAV infection
At 7dpi, non-infected smoke-exposed mice (Smk), infected normal air-exposed mice
(PR8) and infected smoke-exposed mice (Smk+PR8) exhibited significant increase
in miR-21 expression compared with non-infected normal air-exposed mice
(Control). Infected smoke-exposed mice demonstrated a non-significant trend
towards an increased miR-21 compared with non-infected smoke-exposed mice
(Figure 3.57).

Furthermore, Ant-21 treatment reduced miR-21 expression back to base line in noninfected smoke-exposed mice (Smk+Ant-21), infected normal air-exposed mice (Ant21+PR8) and infected mice with COPD (Smk+Ant-21+PR8) compared with their
respective Scr-treated controls (Figure 3.57).
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Figure 3.56. Treatment with intranasal Ant-21 reduces number of MSCs back to base line in experimental COPD with IAV
infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with IAV A/PR/8/34 (7.5 pfu) or media on the last day of
smoke exposure. Mice were treated with Ant-21 or scrambled control once a week from week 6 till week 8. Mice were sacrificed 7
dpi. (A) MSCs per 100 μm basement membrane in periodic acid-Schiff (PAS) stained lung sections; (B) Representative images
(20X) of PAS stained lung sections; Scale bar = 50µm. Data are presented as mean±SEM (n=6-8). *, γ and δ represent P≤0.05
versus control, Smk and Smk+PR8 groups, respectively.
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Figure 3.57. Treatment with intranasal Ant-21 suppresses miR-21
expression back to base line in experimental COPD with IAV infection.
BALB/c mice were exposed to CS or normal air for 8 weeks and inoculated with
IAV A/PR/8/34 (7.5 pfu) or media on the last day of smoke exposure. Mice were
treated with Ant-21 or scrambled control once a week from week 6 till week 8.
Mice were sacrificed 7 dpi. Data are presented as mean±SEM (n=6-8). *, γ, #
and δ represent P≤0.05 versus control, Smk, PR8 and Smk+PR8 groups,
respectively.
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3.5. DISCUSSION
Asthma is a complex disease caused by multiple genetic and environmental
factors and is induced and exacerbated by respiratory virus infections[540].
Clinical and epidemiological data demonstrate that people with asthma and a
concomitant IAV infection are at high risk of hospital admission[541, 542]. The
most common cause for exacerbation of asthma is the activation of the airways
and exacerbation of the underlying disease by viral infections[421, 543, 544].
Our current understanding of the mechanisms that underpin the increased
susceptibility to IAV infection in AAD is limited. In our current in vivo studies, we
utilised an Ova-induced model of AAD to delineate the effects of IAV infection
on asthma. This resulted in the establishment of a model of IAV-induced
exacerbation of pre-existing AAD with increased allergic airway inflammation
and AHR. We used this model to investigate the mechanisms underlying
infection-induced exacerbations specifically the roles of IL-13/IL-13Rα1 and
miR-21. These studies can be further extended to additional models of AAD
including HDM-induced AAD (Chapter 2), to determine if this effect is consistent
across different models.

Only a few previous studies have investigated the ability of IAV infection to alter
airway function but they only assessed the impacts of infection on the
establishment of AAD[545-547]. Yamamoto and colleagues demonstrated that
Ova inhalation during the acute phase of IAV infection induced type 2 immune
responses, while during the recovery phase type 1 immune responses were
generated. Their results indicated that the timing of antigen sensitisation after
IAV infection determines the type of immune response [546].

Also, Chang et al., suggested that infection with certain microorganisms can
prevent the subsequent development of asthma and allergen-induced AHR in
later stages of life by preferential expansion of a CD4- and CD8- subset of NKT
cells[547]. In contrast, we investigated the role of IAV infection in exacerbating
pre-existing AAD. We have made important observations that advance our
understanding of the mechanisms that underpin the association between IAV
infection and asthma.
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The existence of established Ova-induced AAD prior to IAV infection resulted in
a significant increase in viral titre compared to infected non-allergic controls.
Also, an increased lung tissue inflammation, higher numbers of lung eosinophils
and MSCs around the airways and increased transpulmonary resistance was
observed in infected mice with AAD. These observations are consistent with
previously published findings[548-550]. We then used this established model to
investigate the underlying mechanisms and to assess the potential of
therapeutic interventions.

Very few studies have examined the effects of IL-13 in viral infections. The
findings in these studies indicated that IL-13 produced during the IAV infection
is one of the main activating factors that mediate the exacerbation of allergic
responses. Recent studies have clearly demonstrated that IL-13 plays a
prominent role in asthma-type responses[66, 518, 551, 552]. They also showed
that RSV infection preferentially induces IL-13 production in the airways and
promotes AHR and airway damage[518]. We also observed increased viral
titres in rIL-13-treated infected mice as compared with infected controls. The
rIL-13-treated IAV infected mice also had higher numbers of lung eosinophils
and MSCs around the airways compared to sham-inoculated, infected and rIL13-treated control groups. These data indicates that IL-13 promotes
susceptibility to IAV infection and pro-inflammatory and –remodelling responses
relevant to asthma.

Given the role of IL-13 in asthma[52, 553, 554], it is perhaps not surprising to
find that inhibition of IL-13 reduces IAV titres. Our observations indicate that
hosts with underlying AAD or increased IL-13 responses are more vulnerable to
more severe infection. A previous study showed that mice exposed to asthmaexacerbating inducers such as diesel exhaust particles (a potent oxidative air
pollutant) had increased IAV titres[555]. Overall, our findings are in agreement
with various studies demonstrating an increased susceptibility of asthma
patients to various viral infections including IAV[541, 556-559].
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To confirm that IL-13 is a likely mechanism driving infection and exacerbating
disease features (increased viral titres, MSCs, eosinophils and AHR), we
assessed the levels of IL-13 and its receptor, IL-13Rα1, in Ova-induced AAD
lung tissues. At 3dpi, in sham-inoculated allergic controls, AAD lead to
increased IL-13 compared to sham-inoculated non-allergic controls. Infected
mice with AAD also had an increased level of IL-13 in contrast to infected nonallergic controls. Our results highlighted that IAV infection does not induce IL-13
in non-AAD mice, but increased IL-13 levels in AAD. IHC studies further
confirmed the localisation of IL-13Rα1 in lung tissues and its increased
expression in airway epithelium of infected mice with AAD. Also, shaminoculated allergic controls had increased IL-13Rα1 expression in the airway
epithelium in contrast to sham-inoculated non-allergic controls. Similar findings
were observed in our HDM-induced AAD model. Kuperman and colleagues
and

studies

from

other

groups

illustrated

IL-13-induced

increased

responsiveness of epithelial cells where AHR and mucus overproduction was
observed as direct effects of IL-13[560-562], which supports our observations.
Moreover, increased IL-13 and IL-13Rα1 expression was observed in rIL-13treated mice with and without IAV infection compared with sham-inoculated and
infected non-rIL-13-treated controls. These results clearly demonstrate that IAV
infection in established AAD not only increased IL-13 protein levels, but also the
expression of its receptor, IL-13Rα1, implicating these responses in the
exacerbation of allergen-induced asthma.

Many recent studies widely support the involvement of IL-13 [563-567] and IL13Rα1[73, 568-570] in the development of various allergic diseases including
asthma. Our results raise important clinical questions about the role of IAV
infection in the exacerbation of asthma. It appears that IL-13 produced during
infection response can significantly increase the AHR that occurs after an
allergen rechallenge. There is no doubt that there are numerous pathways that
are activated during asthma responses, which can cause disease exacerbation.
However, IL-13-induced responses may be one of the more critical pathways
that are activated and we suggest that the IL-13/IL-13Rα1/miR-21 axis may be
important for determining whether IAV infection induces a severe or mild airway
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response. Kaur et al., have shown that human lung mast cell express IL-13Ra1
and activation by IL-13 for 5 days increased proliferation and the expression of
the high affinity IgE receptor, Fc-epsilon-RI (FcεRI), suggesting that targeting IL13 may be beneficial in the treatment of asthma [568]. Similarly Sinha and coworkers found links between of IL13Rα1 1398A/G gene polymorphisms and
human asthma subjects using the polymerase chain reaction-restriction
fragment length polymorphism method. They demonstrated that 1398A/G
polymorphisms in the non-coding region of IL13Ra1 conferred increased risk of
asthma in the study population [571]. IL13 is also been shown to have an
important role in activating autophagy, which is essential for the formation of
airway goblet cells leading to hypersecretion of mucus in the airways in a type
2, IL-13-dependent immune disease process [572]. Some studies also suggest
a role for IL-13 in promoting fibrosis by increasing autocrine CTGF signalling in
fibroblasts and by inducing the pro-fibrotic cytokine TGF-β1 via IL-13Rα2
signalling [573-575].

To investigate the cellular source of IL-13, we performed flow cytometry on cells
isolated from the lung homogenates of IL-13td-tom mice. Increased numbers of
IL-13+CD4+ T-cells were observed in infected mice with AAD compared to
sham-inoculated allergic controls. Moreover, infected non-allergic mice and
sham-inoculated allergic controls had increased IL-13+ NKT cells and IL-13+
ILC2s respectively. These results indicate and confirm the role of IL-13 in
promoting IAV infection and exacerbation of AAD. Another recent study showed
CD4+/CD8+ T-cell-dependent, HDM-induced AAD has key features of asthma,
which supports our findings with Ova-induced AAD model [521]. Akbari et al.,
showed the relevance and crucial involvement of pulmonary NKT cells in
regulating the development of asthma and Th2-biased respiratory immunity
against nominal exogenous antigens [576]. Clinically, eosinophilia and asthma
severity have been reported to be associated with increased numbers of
lymphocytes, which include both CD4+ and CD8+ T-cells [577-579].
Specifically, CD4+ T cells have been identified to be the dominant active T-cell
subtype both in clinical subjects with allergic asthma as well as in animal
models of asthma [580-583]. On the other hand, the role of CD8+ T-cells
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remains controversial where both protective and deleterious effects have been
reported in human subjects with asthma and animal models of allergic diseases
[584].

Several miRs have also been reported to be associated with asthma
pathogenesis. miR-21 is one of the most well characterised and has been
identified to be an important regulator of disease pathology in murine AAD [338,
360, 527, 585]. miR-21 deficient mice have been reported to exhibit reduced
eosinophilic inflammation and IL-4 levels with a concomitant increase in IFN-γ
during Ova-induced AAD [368]. miR-21 has been also demonstrated to downregulate the expression of various signalling molecules including PTEN that
antagonises PI3K activity [586-588]. We identified the involvement of miR-21 as
downstream of IL-13/IL-13Rα1 involved in promoting the susceptibility to IAV
infection in experimental AAD using qPCR and ISH. Our studies demonstrated
significantly increased miR-21 expression in non-infected allergic mice and
infected non-allergic mice compared to sham-inoculated non-allergic controls.
Also, increased miR-21 expression was observed in infected mice with AAD
compared to both sham-inoculated allergic and infected non-allergic controls
where, the later group showed only a non-statistical trend towards an increase.
ISH studies further confirmed increased localisation of miR-21 in the airway
epithelium of infected mice with AAD and sham-inoculated allergic mice.
Further, rIL-13-treated mice exhibited increased miR-21 expression compared
to sham-treated controls. Infected rIL-13-treated mice demonstrated a further
significant increase in miR-21 expression compared to both infected controls
and rIL-13-treated mice.

Similar observations were also observed with HDM-induced AAD model where
non-infected allergic and infected non-allergic mice had increased miR-21
expression compared to sham-inoculated non-allergic controls. Infected mice
with AAD had further significantly increased miR-21 expression compared to
sham-inoculated allergic controls. Our group identified a role for a miR21/PI3K/HDAC2 axis in severe, steroid-insensitive AAD highlighting the
importance of miR-21 as a novel therapeutic intervention for the treatment of
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this form of asthma [589]. Similarly, various other studies also postulated miR21 as a novel therapeutic target for the treatment of asthma [327, 364, 365,
367, 590-592].

IL-13 has been shown to be an important regulator of Th2 commitment and may
therefore play a central role in atopy and infectious diseases [593]. Other
accumulating evidence indicates that antigen-specific Th2 cells and their
cytokines such as IL-4, IL-5 and IL-13 orchestrate these pathognomonic
features of asthma [564, 594-596]. To further assess the role of IL-13 in
susceptibility to IAV in AAD, we used mice deficient in IL-13 (IL-13-/- mice). A
significant decrease in viral titre and reduced lung tissue inflammation was
observed in infected IL-13-/- mice at 3 dpi as compared to infected WT mice.
Moreover, infected IL-13-/- mice had decreased transpulmonary resistance.
These observations clearly indicate that the absence of IL-13 during IAV
infection leads to decreased viral titres and inflammation in the lung along with
reduced AHR.

miR-21 expression was observed to be significantly increased in infected WT
mice compared to sham-inoculated WT controls. Infected IL-13-/- mice had
significantly reduced miR-21 expression compared to sham-inoculated WT
mice. An increased expression of miR-21 was detected in infected IL-13-/- mice
compared to sham-inoculated IL-13-/- mice. Lee et al., have also shown that
miR-21 is up-regulated during allergic airway inflammation. miR-21 antagomir
treatment reduced the levels of Th2 cytokines, including IL-4, IL-5, and IL-13
which reflected an association between the IL-13 and miR-21 in allergic
inflammation [365].

All these observations emphasise that IL-13 plays a critical role in driving
increased susceptibility to IAV infection and infection-induced exacerbation of
AAD. Further, we have validated this and demonstrated the potential for
therapeutic targeting of IL-13. We showed that the inhibition of IL-13 with antiIL-13) protected mice against infection and reduced the severity of IAV
infection-induced exacerbations of AAD. This was indicated by reduced viral
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titres in anti-IL-13-treated infected non-allergic mice compared to isotypetreated infected non-allergic controls. Also, anti-IL-13-treated groups had
reduced tissue inflammation, eosinophil counts, and MSCs and as well as
transpulmonary resistance compared to isotype-treated infected allergic
controls. Anti-IL13-treated infected non-allergic mice had reduced IL-13 and IL13Rα1 mRNA expression compared to isotype-treated infected non-allergic
controls. These results showed that inhibition of IL-13 also reduced the
expression of its receptor, IL-13Rα1. Further, the anti-IL13-treated infected nonallergic mice also had significantly reduced miR-21 expression compared to
isotype-treated infected non-allergic controls while the similar levels of
expression were observed in anti-IL13-treated infected mice with AAD and
isotype-treated infected allergic controls.

The association of IL-13 with asthma pathology and reduced corticosteroid
sensitivity suggests a potential benefit of anti-IL-13 therapy in refractory asthma
[597]. De Boever et al., investigated GSK679586, a humanized mAb, that
inhibited IL-13 binding to both IL-13Rα1 and α2 in patients with severe asthma
refractory to maximally indicated doses of inhaled corticosteroids. They showed
that GSK679586 did not effectively improve asthma control, pulmonary function,
or exacerbations in patients with severe asthma [597]. Various humanised antiIL-13

strategies

have

been

tested

(anrukinzumab,

lebrikizunab

and

tralokinumab) and showed clinical improvements in asthma symptoms [598]. All
these studies clearly showed that anti-IL-13 is a potential and promising
therapeutic intervention for the treatment of AAD and infection-induced
exacerbation in AAD. However, this potential requires further in-depth
investigation, and appropriate predictive biomarkers ate needed to better apply
biological treatments and assess treatment responsiveness.

Corticosteroid therapy often fails to control exacerbations in patients with
asthma, in particular those with severe disease [599-602]. In our study, we also
assessed whether corticosteroid (dexamethasone) treatment could protect
against infection and associated exacerbations of AAD. Our results revealed
that viral load, tissue inflammation, tissue eosinophils and numbers of MSCs
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were

steroid

insensitive

in

IAV

infection

in

Ova-induced

AAD.

No

histopathological changes were observed in infection-induced exacerbations in
AAD in response to dexamethasone treatment, and interestingly, treatment
worsened AHR. Similar features of increased eosinophil numbers following
steroid treatment were reported in RSV-induced exacerbation of HDM-driven
AAD together with steroid resistant disease exacerbations [603]. Different
clinical trials also showed that dexamethasone was ineffective against RSVinduced lung inflammation in children [604, 605]. Taken together, our data
clearly indicate that IAV infection-induced AHR is steroid-insensitive and is
driven by a steroid-resistant pathway that is linked to innate immune responses
such as eosinophil recruitment/activation and neutrophil recruitment mimicking
many features of the clinical disease. Our findings are consistent with several
studies that report the inability of inhaled steroids to effectively reduce airway
inflammation and AHR [606-608]. These studies highlight anti-IL-13 treatment
as a potential therapy in this context. Different phenotypes of asthma may
explain why current therapies show limited benefits in subgroups of patients
[508]. Patients with severe, poorly controlled asthma are insensitive to
glucocorticoid treatment and have an urgent need for new treatments. IL-13
signalling may be one pathway involved in the induction of corticosteroidinsensitive airway inflammation and may be targeted therapeutically [609].

Considering the role of miR-21 in the pathogenesis of asthma [338, 360, 585,
610], our laboratory has recently shown for the first time the role of miR-21 in
promoting the steroid insensitive inflammation and AHR in respiratory infectioninduced severe steroid insensitive AAD. This supports our current findings
where we observed that dexamethasone treatment did not suppress miR-21
expression in IAV infection in Ova-induced AAD. These studies clearly define
the functional relevance of infection-induced activation and maintenance of a
novel miR-21/PI3K/HDAC2 axis in steroid insensitivity [589].

miR-21 has also been indicated as a novel biomarker for human allergic
inflammatory diseases [590]. Here we find miR-21 is a potential target molecule
that drives increase susceptibility to IAV infection in experimental AAD.
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Considering the therapeutic potential of miR-21 and PI3K inhibitors in the
treatment of asthma [365, 589, 611-613], we investigated their efficacy in
resolving IAV infection-induced AAD pathology. Ant-21-treated infected nonallergic mice had significantly reduced viral titres and tissue inflammation
compared with Scr-treated infected non-allergic control. Importantly, Ant-21treated infected mice with AAD had substantial reductions in viral titre, tissue
inflammation, numbers of mucus secreting cells and tissue eosinophils
compared with Scr-treated infected allergic control. However, Ant-21 treatment
did not suppress AHR in IAV infection in Ova-induced AAD. Interestingly, we did
show that Ant-21 treatment suppresses miR-21 expression in IAV infection in
Ova-induced AAD. All our findings are supported by a various studies showing
the relevance of miR-21 in pathogenesis of asthma and miR-21 antagomir in
suppressing the development of allergic airway inflammation and other
associated disease features [364-366, 591, 614].

PI3K inhibitor (LY294002; LY29) treated infected non-allergic mice had
significantly reduced viral titre, tissue inflammation, numbers of MSCs and
tissue eosinophils compared with sham-treated infected non-allergic controls.
Importantly, LY29-treated infected mice with AAD also had significant
reductions in viral titre, tissue inflammation, numbers of MSCs and tissue
eosinophils compared with sham-treated infected allergic control. Huang et al.,
showed that LY29 attenuated the IL-25-induced AHR, inflammation and
remodelling (lung tissue eosinophilia, mucus production, collagen deposition,
smooth muscle hypertrophy and angiogenesis) which support our data and
highlight the PI3K as a major disease-inducing mechanism in asthma [615].
However, treatment with LY29 did not suppress AHR in IAV infection in Ovainduced AAD in our study. This may be attributed to the different
pathophysiological mechanisms involved in the development of AAD between
the two mouse models involved. Also, LY29 did not inhibit miR-21 expression in
IAV infection in Ova-induced AAD highlighting that miR-21 expression is
independent of PI3K. Similarly, Wagh and colleagues also showed that the
PI3K and JAK3 inhibitors may be promising alternative therapeutics in asthma,
which might counteract the airway inflammation in patients with allergic asthma
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[616]. Inflammation/remodelling and AHR have been reported to be two
independent processes in airway diseases. AHR is derived from independent
factors that are modulated by inflammatory factors but may not be caused by
inflammation directly in some situations[617, 618].
Clinically, PI3K-γ has been reported to regulate the development of eosinophilic
inflammation and attenuated eotaxin-induced eosinophil functions probably via
suppression of downstream CCR3 signalling[619]. Our data suggest these
inhibitors as novel potential therapeutic interventions for increased susceptibility
to IAV infection in AAD.

Though our current study emphasises the involvement of a novel pathogenic IL13/IL-13Rα1R/miR-21-dependent pathway in pathogenesis and increased
susceptibility to IAV infection in AAD, it was limited in attempts to identify
specific cell types that expressed miR-21. This would be important to further
understand the regulation of the IL-13/IL-13Rα1R/miR-21 pathway and
dexamethasone insensitivity. We also lack a molecular understanding as to how
miR-21 is driven transcriptionally, and how IL13 affects this induction and under
what circumstances. We also demonstrated the functional relevance of IAV
infection-induced activation and maintenance of a novel IL-13/IL-13Rα1R/miR21/ axis in an AAD setting. We also showed that Ant-21 and LY29 treatment
suppressed infection (viral titres) and the key features of AAD exacerbated by
IAV infection (i. e. tissue inflammation, numbers of MSCs and tissue
eosinophils).

Viral infections can also exacerbate COPD leading to increased dyspnea,
hospitalisation, and even death. A recent study suggested that the number of
virus-induced exacerbations has been grossly underestimated, with up to 60%
associated with viral infection [620]. Wark and colleagues reported that virus
infection, especially in the presence of chronic bacterial infection was an
important determinant of more severe acute exacerbations in both asthma and
COPD, and patients with multiple co-infections were more likely to be
readmitted to hospital following their exacerbation [621]. However, the
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mechanisms leading to increased susceptibility of COPD patients to IAV
infection are poorly understood. Moreover, current therapeutic strategies have
limited efficacy and novel therapeutic interventions are required. To address
this, we investigated and characterized the mechanism (IL-13Rα1/miR-21 axis)
involved in the increased susceptibility of COPD to IAV infection. Hsu et al.,
demonstrated that infected mice with experimental COPD had more severe
infection characterised by increased viral titre and pulmonary inflammation.
These effects were attributed to exaggerated PI3K (PI3K-p110α) activity.
Further inhibition of PI3K using pan-PI3K inhibitor, or PI3K-p110α-specific
inhibitors reduced viral titre regardless of IAV subtype. Targeting the PI3K
pathway may be a novel therapeutic strategy against IAV infection in COPD
[143].

The association of IL-13 with COPD is not well understood. However, in our
study, we demonstrated that IAV infection in experimental COPD increased the
expression of IL-13Rα1. IL-13Rα1 expression was significantly increased in the
airway epithelium in non-infected smoke-exposed compared to non-infected
normal air-exposed mice. Surprisingly infected normal air-exposed mice and
infected smoke-exposed mice had further substantial increases in IL-13Rα1
levels in airway epithelium. No specific studies have shown the association of
IL-13 and IL-13Rα1 and COPD have been reported so far. To further identify
the mechanisms involved downstream of IL-13Rα1, we speculate that miR-21 is
a potential target molecule driving increase susceptibility to IAV infection in
experimental COPD. miR-21 expression was measured in the lung sections and
observed to be increased in response to IAV infection in experimental COPD.
Xie et al., demonstrated that the upregulation of miR-21 in peripheral blood
serum and mononuclear cells of COPD patients may contribute to the
pathogenesis and the severity of this disease [369]. They also suggested that
the levels of serum miR-21 may be a valuable marker for evaluating the
development of COPD in heavy smokers [370].

We also observed a significant increase in the numbers of MSCs in infected
smoke-exposed compared to non-infected smoke-exposed mice. It has been
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shown that IL-13 drives mucus production in human airway epithelial cells via
chloride channel calcium-activated 1 (CLCA1) to MAPK13[622] signalling
pathway. This finding supports our data showing increased levels of IL-13Rα1
contributing to the production of MSCs.

As discussed earlier, considering the therapeutic potential of IL-13 specific
monoclonal antibody (anti-IL-13), we assessed whether inhibition of IL-13 could
protect against infection and reduce the severity of IAV infection in COPD in our
experimental models. We observed a decrease in viral titre in anti-IL-13-treated
infected normal air-exposed mice at 7 dpi compared to isotype-treatment. Also,
anti-IL-13-treated infected smoke-exposed mice at 7 dpi had significantly
reduced viral titre compared to isotype-treated infected smoke-exposed mice.
Anti-IL-13 treatment also significantly reduced tissue inflammation and number
of MSCs in infected smoke-exposed mice compared to isotype-treated infected
smoke-exposed mice. Moreover, treatment of infected smoke-exposed mice
reduced miR-21 expression compared to isotype-treated infected smokeexposed mice although statistical significance was not achieved. A recently
published review clearly highlighted the importance and implication of
monoclonal antibodies against IL-13 (lebrikizumab, tralokinumab) in the
treatment of COPD [623]. However, our study is first to demonstrate the
therapeutic potential of anti-IL-13 against increased susceptibility to IAV
infection in COPD.

Similarly, we also assessed Ant-21 as a novel potential therapeutic to suppress
the increased susceptibility to IAV infection in COPD. Viral titre was reduced in
Ant-21-treated infected normal air-exposed mice at 7 dpi compared to Scrtreated infected normal air-exposed mice. Also, Ant-21-treated infected smokeexposed mice at 7 dpi had significantly reduced viral titre in contrast to isotypetreated infected smoke-exposed mice. Ant-21 treatment in non-infected smokeexposed mice reduced tissue inflammation. Likewise, Ant-21-treated infected
smoke-exposed mice had significantly reduced tissue inflammation and reduced
numbers of MSCs back to base line. Furthermore, Ant-21 treatment reduced
miR-21 expression back to base line in non-infected smoke-exposed mice,
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infected normal air-exposed mice as well as in infected smoke-exposed mice
when compared to the respective Scr-treated groups.

The role of miR-21 is well reported in asthma, however, very limited
investigations

has been performed

illustrating its

involvement

in the

pathogenesis of COPD. Though various reports defined the association and
relevance of miR-21 in COPD [369, 370] and our data revealed a role for miR21 as regulatory molecule in increased susceptibility to IAV infection in COPD.
Our study identified a novel pathogenic IL-13Rα1R/miR-21-dependent pathway
in increasing the susceptibility to IAV infection in COPD, however, it did not
identify the specific cell types that express miR-21. This would be an important
future direction to understand the regulation of the IL-13Rα1R/miR-21 pathway.
We also showed that anti-IL-13 and Ant-21 treatment suppressed the key
features of IAV infection and exacerbation in COPD (ie viral titre, tissue
inflammation and number of MSCs).

The important observations of our study are summarised in Figure 3.58. As a
part of our ongoing studies, we intend to identify the specific cell types involved
along with the impaired antiviral responses that are mediated by increased IL13/miR-21 activity that lead to increased susceptibility of individuals with asthma
and COPD to IAV infection. Targeting such pathways using various therapeutic
interventions, identified in our study (anti-IL-13, Ant-21, LY29) can be used for
chronic respiratory diseases like asthma and COPD, or in healthy individuals,
during seasonal or pandemic outbreaks to prevent and/or treat IAV infections.
Further work is being planned to understand the regulatory mechanisms
involved in regulation of miR-21 by IL-13.
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Figure 3.58. Roles of IL-13 and miR-21 in increased susceptibility to IAV in AAD and COPD.
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AAD and COPD were induced in mice using sensitisation and challenge with Ova or exposure to cigarette smoke. On the last day
of Ova challenge or smoke-exposure, groups of mice were infected with 7.5 plaque forming unit (PFU) of the mouse-adapted IAV
H1N1 A/PR/8/34. We have observed increased levels of IL-13/IL-13Rα1, which increase the downstream levels of miR-21 (via
increased PI3K activity) leading to increased viral load, disease features and exacerbation of the underlying respective chronic lung
disease. Inhibition of augmented IL-13, miR-21 and PI3K using monoclonal anti-IL-13 antibody, Ant-21 and PI3K inhibitor
(LY294002), respectively, reduces viral load, associated disease features and exacerbation of the underlying chronic lung disease
highlighting these as potential therapeutic interventions. We have shown the effectiveness of all the three therapeutic biological
moieties in increased susceptibility to IAV infection in AAD and COPD.
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3.6. CONCLUSIONS
Viral infections can exacerbate underlying lung diseases such as asthma and
COPD and can limit/decrease the efficacy of current medications. Current
pharmacological strategies targeting virus-induced lung disease are problematic
due to antiviral resistance and the requirement for strain-specific vaccination.
Thus, there is a crucial need for new and effective approaches. We generated
and characterised murine models of IAV infection in asthma and COPD. We
found that AAD increased susceptibility to IAV infection shown by increased
viral titre. Also the infection exacerbated AAD with increased lung pathology,
pulmonary inflammation, increased number of MSCs and tissue eosinophils and
AHR. Likewise, COPD increased susceptibility to IAV infection that exacerbated
the underlying disease with increased tissue inflammation, and number of
MSCs. These observations were quite consistent with those of clinical and
epidemiological studies in asthmatic and COPD patients.

To our knowledge, this is the first study to define the functional relevance of IAV
infection-induced activation and maintenance of a novel IL-13/IL-13Rα1/miR-21
and IL-13Rα1/miR-21 axis in the setting of AAD and COPD, respectively. The
models developed herein will be valuable for investigating the pathogenesis of
IAV infection in asthma and COPD. Moreover, our data identify promising
therapeutic interventions for increased susceptibility to IAV infection in AAD
(Anti-IL-13, Ant-21 and PI3K inhibitors) and COPD (Anti-IL-13 and Ant-21)
which supresses various key features of the respective airway disease.
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CHAPTER 4
miR-125a/b INHIBITS A20 AND
MAVS TO PROMOTE
INFLAMMATION AND IMPAIR
ANTIVIRAL RESPONSE IN
CHRONIC OBSTRUCTIVE
PULMONARY DISEASE
Hsu, A. C., K. Dua, M. R. Starkey, T.-J. Haw, P. M. Nair, K. Nichol, N. Zammit,
S. T. Grey, K. J. Baines and P. S. Foster (2017). "MicroRNA-125a and-b inhibit
A20 and MAVS to promote inflammation and impair antiviral response in
COPD." JCI Insight, 2(7), e90443. http://doi.org/10.1172/jci.insight.90443
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4.1. ABSTRACT
IAV infections lead to severe inflammation in the airways. Patients with COPD
characteristically have exaggerated airway inflammation and are more
susceptible to infections with severe symptoms and increased mortality. The
mechanisms that control inflammation duirng IAV infection and the mechanisms
of immune dys-regulation in COPD are unclear. We found that IAV infections
lead to increased inflammatory and antiviral reponses in primary bronchial
epithelial cells (pBECs) from healthy non-smoking and smoking subjects. In
pBECs from COPD patients, infections resulted in an exaggerated inflammatory
but deficient antiviral responses. A20 is an important negative regulator of
nuclear factor-kappaB

(NF-κB)-mediated

inflammatory

but not

antiviral

response, and A20 expression was reduced in COPD. IAV infection increased
the expression of micro(miR)-125a/b, which directly reduced the expression of
A20 and mitochondrial antiviral signaling (MAVS), and caused exaggerated
inflammation and impaired antiviral responses. These events were replicated in
vivo in a mouse model of experimental COPD. Thus, miR-125a/b and A20 and
may be targeted therapeutically to inhibit excessive inflammatory responses
and enhance antiviral immunity in IAV infections and in COPD.

4.2. INTRODUCTION
Influenza A viruses (IAVs) are amongst the most important infectious human
pathogens that cause enormous morbidity and mortality worldwide. This largely
results from seasonal influenza but an important feature of the biology of IAVs is
the frequent emergence of novel pandemic strains/subtypes. Infections cause
symptoms ranging from mild to severe viral pneumonia, with uncontrolled
inflammation in the airways.

Bronchial epithelial cells (BECs) are the primary site of IAV infection, and innate
immune responses produced by these cells are important in the early protection
against the viruses[624, 625]. During infection viral RNAs are recognized by tolllike receptor 3 (TLR3) and retinoic acid-inducible gene-I (RIG-I). Upon binding
of TLR3 to viral RNAs signalling pathways are initiated that activate receptor
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interacting protein 1 (RIP1) by ubiquitination. Activated RIP1 indirectly
phosphorylates IκBα, leading to the release of active p65 and p50 subunits of
nuclear factor-kappaB (NF-κB) into the nucleus where they induce the
transcription of inflammatory genes including of cytokines such as IL-6 (IL-6),
TNF-α, and IL-1β, and chemokines such as CXC chemokine ligand-8 (CXCL8/IL-8)[626-628]. These inflammatory cytokines recruit immune cells, in
particular macrophages and neutrophils, to the site of infection that
phagocytose pathogens and apoptotic cells[629, 630]. RIG-I interacts with
mitochondrial antiviral-signaling protein (MAVS), which activates interferon
regulatory factor 3 (IRF3) by phosphorylation. Activated IRF3 then translocates
into the nucleus where it initiates the production of type I and III IFNs[461, 462].
These innate cytokines induce the transcription of over 300 IFN-stimulated
genes (ISGs) including the Mx1 protein that disrupts virus replication [631].

The control of inflammation is critical to achieving optimal inflammatory
responses that clear viruses without excessive damage to host tissues and
airways. We have previously shown that A20, also known as TNF-α-inducing
protein 3 (TNFAIP3), is a negative regulator of NF-κB-mediated inflammation
that functions by targeting RIP1 for degradation, and therefore suppresses NFκB activation[632-635]. miRs are another important class of immune signaling
regulators that silence gene expression by degradation[527]. miR-125a and b
have recently been shown to directly inhibit A20, leading to increased NF-κB
activation[636]. It is currently unknown if A20 or miR-125a/b regulates type I
and III IFNs during IAV infections.
COPD is the 3rd leading cause of illness and death globally and is characterized
by progressive airway inflammation, emphysema, and reduced lung function
[637]. The most important risk factor for COPD in Western societies is cigarette
smoking[638]. COPD patients have increased susceptibility to IAV infections
that cause acute exacerbations and result in more severe symptoms, disease
progression, and increased mortality [639-641]. Current therapeutics remain
limited to vaccination and antiviral drugs. These have major issues with the
constant need for developing new vaccines, COPD patients respond poorly to
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vaccination, IAVs have become drug resistant and all therapeutics have
questions surrounding availability and efficacy in future pandmics[642, 643].
There is therefore an urgent need to develop novel therapeutics for influenza,
especially for those most susceptible to infection.

Despite inflammatory signalling pathways being well-characterized, the
mechanisms underlying the exaggerated inflammatory responses to IAV,
including in COPD are unclear. It is known that increased NF-κB activation is
elevated in biopsies from COPD patients[644]. We have previously shown that
human

influenza

H3N2

infection

induced

heightened

inflammatory

responses[645], and high pathogenic avian H5N1 is known to induce severe
cytokine storms in the lung[462, 646]. We also showed that primary BECs
(pBECs) from COPD subjects and our established in vivo model of experimental
COPD have increased inflammatory and impaired antiviral responses to IAV
infections, leading to more severe infection[537, 647, 648]. Furthermore, miRs
are known to be altered in COPD[362, 649]. However, the molecular
mechanisms underpinning the heightened inflammatory response in IAV
infections and defective immune responses in COPD remain unclear. In this
study, we investigated the mechanisms involved using our established
experimental systems[647, 650-652]. We found that COPD pBECs and mice
with experimental COPD infected with IAV have higher levels of inflammatory
cytokines but reduced antiviral responses[362, 653]. We uncovered that NF-κBmediated inflammation in IAV infection and in COPD was also exaggerated,
which resulted from decreased levels of A20 protein, which in turn was caused
by elevated levels of miR-125a/b. Treatment with specific antagomiRs against
miR-125a or b reduced NF-κB activation but also increased type I and III IFNs
production and suppressed infection. We then found that miR-125a and b
directly targets MAVS 3′ untranslated region (UTR), thereby suppressing the
induction of type I/III IFNs. This study therefore discovers a novel miR-125mediated pathway that reduces A20 and MAVS and promotes excessive
inflammation and increases susceptibility to IAV infection in COPD. It also
identifies novel potential therapeutic options that reduce IAV-mediated
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inflammation and reverse immune signaling abnormalities in COPD. Some of
the data has been previously reported in abstract form[654].

4.3. METHODS
4.3.1. Ex vivo methods
4.3.1.1. Subject recruitment
Patients with chronic COPD patients (10) and healthy non-smoking (10) and
smoking (5) controls were recruited and their characteristics are shown in Table
4.1.

The population was defined by a previous smoking history and fixed airflow
limitation on spirometry with an forced expiratory volume in 1 second (FEV1) /
forced vital capacity (FVC)

ratio < 70%, and FEV1 < 80% predicted and

classified by the GOLD criteria [655]. Those with GOLD Stage III (severe
COPD) FEV1 30 – 50% were included. All COPD subjects were ex-smokers (at
least one year abstinent) and none were using inhaled corticosteroids for two
weeks before bronchoscopy. Healthy non-smoking controls and current
smokers without COPD with no evidence of airflow obstruction, bronchial hyperresponsiveness to hypertonic saline challenge, or chronic respiratory symptoms
were also recruited. A clinical history, examination and spirometry were
performed on all individuals. At the time of recruitment no subject had
symptoms of an acute respiratory tract infection for the preceding four weeks.
None were diagnosed with cancer. All subjects gave written informed consent.

4.3.1.2. Viruses
Human

influenza

A

viruses

(IAVs)

A/Wellington/43/2006

(H3N2),

A/Auckland/1/2009 (H1N1), were obtained from the WHO Collaborating Centre
for Reference and Research on Influenza (Victoria, Australia)[656]. Virus stocks
were propagated in Madin-Darby canine kidney (MDCK) cells (American Type
Culture Collection (ATCC), USA). Virus titers were determined by plaque assay
on MDCK cells[462, 645].
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Table 4.1. Subject characteristics
Health
y

COPD

Smoker

P–
value

15

15

5

NA

1.14

1.2

1.5

p = 0.6

62 (9.9)

68 (4.1)

64.33
(12.82)

p=
0.06

105%
(13.5)

40% (7.75)

97.66%
(12.66)

p<
0.001

886x
(14.50)

40.20 (13.50)

77.80
(12.28)

p<
0.001

Cigarette
(Packs/year;
SD)

0

53.70

30 (17.32)

p<
0.001

Years
abstinent (SD)

0

0

NA

ICS

0

0

NA

Number
Sex
(Male:Female
ratio)
Mean Age
(SD)
Mean FEV1
(SD)

*

FEV1/FVC ratio
(SD) *

(percent
treated)

(15.90)
13.0
(4.64)
Seretide (10%)
Spiriva (10%)
Tiotropium (10%)
Spiriva/Salbutamol
(10%)
Seretide/Tiotropium
(20%)
Seretide/Tiotropium/
Ventolin (20%)
Seretide/Spiriva/Ven
tolin (20%)

FEV1 and FEV1/FVC ratios are % predicted values. FEV1 is the forced
expiratory volume in 1s expressed as a percentage of the predicated value.
FVC is forced vital capacity. The statistical analysis used was ANOVA for
multiple groups. NA = Not applicable.
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4.3.1.3. Cell culture and IAV infection
Human

primary

bronchial epithelial

cells

(pBECs)

were

obtained

by

endobronchial brushing during fiber-optic bronchoscopy in accordance with
standard guidelines [657]. pBEC were cultured as described previously[462,
645, 649, 658]. Virus was diluted in serum free medium and added to cells at a
multiplicity of infection of five. After 1hr incubation, inocula were removed and
replaced with serum-free medium.

4.3.1.4. A20 plasmid, siRNA and miR-125a and b antagomiRs and
mimetics
A20 gene was amplified by PCR using the forward primer containing XbaI (5'aaattctagagccgccaccATGGCTGAACAAGTCCTTCCTC-3') and reverse primer
containing EcoRI (5'- gcgcgaattcTTCTGTCAATGTGAACATGTTCAG -3'). The
restriction sites are italic and underlined. The PCR product was cloned into
pcDNA3.1 expression vector (pcDNA-A20). The construct was then transfected
into pBECs using Lipofectamine 3000 (Life Technologies, USA) according to
the manufacturer’s instructions. For experiments using short interfering
(si)RNAs, A20-specific siRNAs (Applied Biosystems, USA) were transfected
into cells using siPORT NeoFX transfection agent (Ambion, USA). AllStars
Negative controls (Qiagen, USA) were used as siRNA negative controls. For
miR-125a/b antagomiR and mimetic experiments, anti-hsa-miR-125a and antihsa-miR-125b antagomiRs (Ambion, USA), and miR-125a and miR-125b
mimetics (Ambion, USA) were transfected into cells using siPORT NeoFX
transfection agent (Ambion, USA) 24hr before infection according to
manufacturer’s instructions. Anti-miR inhibitor negative control (Qiagen, USA)
was used.

4.3.1.5. Cloning and mutagenesis of miR-125a/b binding site in MAVS
3`UTR
The fragment spanning the miR-125a/b putative binding site in 3` untranslated
region (UTR) of MAVS was generated by PCR and cloned into a pMIR
luciferase vector using MluI and HindIII cloning sites (italic; Life Technologies,
USA). Next, site-directed mutagenesis was performed to introduce a mutation
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(TCAAGT) into the binding site sequence (shown in bold below). All
constructs were sequenced to confirm their identity. The primers used for PCR
amplification and mutagenesis are underlined.
MAVS 3`UTR
ccacgcgtTGTGAACCACAGCTTATCACATGTCTGGAGTTAGGGACCCCACTT
AAAGTGAGATTTTGGCTGGAGGTGGTGGATCATACCTATAATCCCAGCACT
TTGGGAGACCAAGGCAGAAGGACTGCTTGAGGCCAGGAGTTCAAAACCAG
TGTAGGTAACAGCTAGACCCTATCTCTACAAAAAATTTAAAAATTAGCTGGG
TGTGGTGGTATGTGCCTCAAGTTCCAGCTACTCAGGAGGCTGAGGTGGGA
GGATCACTTGAGCACAGGAGTTTGAAGTTACAGTGAGCTATGATGGCACC
ACTGCACTTCAGCCTAGGCAACAGAGGGAGACCCTGTCTTTAAAGTACATA
GAGGTTTTTCACACCAACACATCTCTGCCCAGTGTGCCAACATCTGCCACC
TGCTATAATAGTACTATAACACTCAATATGTAATTAATGTAGTCTCAGGGAT
GTTATGACAATATGATTACAACTATCACGTGTGTGCCCAGCCAGGCTCAAT
GCCCCAGGCTGGGCGAGGTGGGGCAGGGGACACAGCCTAAAATGCCAG
GCCTCAGGAAGCCATTTGGTTTAGCAGACATTGTTTATTAAAGGAGTTACC
TATGCCAGATCGAAGGCCTAAGATGATTAAGACACTATGAGTGCCTTCAAG
TGGTTGGGGACGTTCATGATTGTGGTACAGACAAATAGGCTTTCACATCAT
TCTTTTATGTAATCATACAACAGATATTTGCACCTACATGaagcttcg

4.3.1.6. Luciferase reporter assay
The constructs described above were co-transfected into HEK293 cells with
mimetic pre-miR-125a, pre-miR-125b, or pre-miR scrambled control (Applied
Biosystems, USA) using Lipofectamine 3000 (Life Technologies, USA). pRL
Renilla control vector (Promega, USA) was also used. Cells were harvested
48hr after transfection and luciferase activity was measured using a
luminometer (Fluostar Optima, BMG Labtech BMG, Germany). The luciferase
reading of pMIR and mimetics was normalized to the Renilla control for each
sample, and expressed as percentage reduction from miR-scrambled
control[636].
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4.3.1.7. Immunoblotting and cytometric bead array
Infected pBECs were lysed in ice-cold RIPA buffer containing protease inhibitor
cocktail (Roche, UK). Proteins of lysed pBECs and supernatants (5µg) were
resolved

by

SDS-PAGE

and

transferred

onto

polyvinylidene

fluoride

membranes for detection of A20, and phospho-p65 at Ser536 in the cell lysates
using anti-A20 (ab74037, Abcam, UK) and anti-phospho-p65 antibodies
(#3031L, Cell Signaling Technology, USA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was detected as a loading control in cell lysates using
specific antibody (ab181602, Abcam, UK). IFN-β was detected in the
supernatants using specific antibody (ab85803, Abcam, UK). Proteins on
membranes were then visualized by chemiluminescence (Bio-Rad ChemiDoc
MP System, CA, USA). All blots were probed for proteins of interests and then
stripped and re-probed for loading control. The densitometric value of IFN-β
was normalized to non-infected media control. For other intracellular proteins,
the densitometric values of all lanes in a blot were first normalized to the loading
control. Values were then expressed as fold change from healthy media control
if comparing between healthy, COPD, and smoker pBECs, or untreated control
if cells were treated with siRNAs, pcDNA-A20, antagomiR or mimetics. Blots
were run according to the comparisons being made. If comparing between
disease groups (healthy vs COPD vs smoker), then samples from one subject
from each group were run on the same blot and compared with or without
infection and between the disease group (ie fig. S1). The control group was the
healthy controls. These were then run for all subjects from each group. If
comparing between experimental conditions such as siRNAs or antagomiR
treatment, samples from one subject with all experimental controls were run on
the same blot (fig. S2B/C/D). The experimental control was non-silenced or
non-treated (pcDNA-A20). Some blots were cut at appropriate protein molecular
weights so that multiple proteins of interests could be detected at the same
time. Blots were stripped and re-probed only once to avoid high backgrounds.
Human IL-6, CXCL-8, TNF-α, and IL-1β concentrations were determined by
cytometric bead array using a FACSCanto II flow cytometer (BD Biosciences,
USA) according to the manufacturer’s instructions. IFN-λ1 was measured by
ELISA according to the manufacturer’s instructions (R&D Systems, USA).
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4.3.1.8. Immunoprecipitation
Ago2 was immunoprecipitated from transfected HEK293 cells using anti-Ago2
antibody (ab32381, Abcam, UK) protein-A conjugated Dynabeads (Life
Technologies, USA) according to the manufacturer’s instructions.

4.3.1.9. miR extraction and analysis
Extraction of total RNA from infected pBECs was performed with miRNeasy
Mini Kits (Qiagen, USA) according to the manufacturer’s instructions. Total
RNAs (200ng) were reverse transcribed to cDNA and amplified using miR-125a
or b specific primers (Qiagen, USA) and qPCR. RNU6B was used as the
reference gene. Expression levels of miRs were calculated relative to RNU6B
using the 2-∆∆Ct method, and were analyzed as fold change induction over
media controls.

4.3.2. In vivo methods
4.3.2.1. Experimental mice
Six to eight-week old female BALB/c mice were used in all the experiments.
Animals were obtained from The University of Newcastle Animal Services Unit
and were given access to food and water ad libitum. Animals were housed in a
specific pathogen-free facility with controlled environment of 14h/10h light/dark
cycles.

4.3.2.2. Cigarette smoke exposure
Mice were exposed to the smoke from 12x3R4F reference cigarettes (University
of Kentucky, USA) twice per day, five times per week, for eight weeks using a
custom-designed and purpose-built specialized nose-only, directed flow
inhalation and smoke-exposure system contained in a laminar flow and smokeextraction unit (CH Technologies)[537, 538, 651, 653, 659-661]. Non-smoking
control mice were exposed to normal air for the same period of time.

4.3.2.3. IAV infection and antagomiR treatment
On the last day of smoke exposure, mice were anesthetized with isoflurane and
infected intranasally with eight plaque forming units (PFUs) of the mouse233

adapted A/PR/8/34 in 50µl of media (UltraMDCK, Lonza) [143, 662]. Controls
were sham-inoculated with media. The miR-125a and b sequences were
downloaded

from

miRBase

University

of

Manchester,

UK

(http://www.mirbase.org/). miR-125a and b and scrambled antagomiR control
(nonspecific RNA VIII, BLAST searched against the mouse genome) were
designed and purchased from Sigma-Aldrich. The sequences of the
antagomiRs were:

5’mU.*.mC.*.mA.mA.mC.mA.mU.mC.mA.mG.mU.mC.mU.mG.mA.mU.mA.mA.
mG.*.mC.*.mU.*.mA.*.3’-Chl,

where

(m)

denotes

2’-O-methyl-modified

nucleotides, (*) denotes phosphorothioate linkages, and (–Chl) denotes
hydroxyprolinol-linked cholesterol. Mice were treated with antagomiR (50μg
delivered in 50μL sterile saline i.n.) or an equivalent amount of scrambled
control as described previously[663, 664]. In each experiment, following IAV
inoculation, smoking was discontinued to remove the effects of acute smoke
exposure, and mice were sacrificed at 7 dpi.

4.3.2.4. Histopathology and immunohistochemistry
Mice lungs were perfused, inflated, formalin-fixed, paraffin-embedded and
sectioned (4-6µm). Sections were then stained with haematoxylin and eosin and
histopathology score was performed as previously described[392, 535, 665667]. Sections were also stained with anti-A20 antibody (Abcam, UK) and
followed by anti-rabbit horseradish peroxidase-conjugated secondary antibody
(R&D Systems). The images were viewed under a light microscope (Olympus,
Japan). To assess A20 in mouse lung sections, slides were incubated with AntiA20 antibody (ab74037, Abcam, UK) at 4°C overnight, followed by anti-rabbit
horseradish peroxidase-conjugated secondary antibody (VC002-025, R&D
systems, 37°C, 30min). Diaminobenzidine (DAB, DAKO) was applied on slides
and haematoxylin was used as a counterstain. Photomicrographs were taken
and images evaluated with image J (version 1.47)[668, 669]. Briefly, airways
were divided into three categories according to the perimeter of their basement
membrane (Pbm): Pbm ≤1 mm (small), Pbm ≤2 mm (medium) and Pbm > 2mm
(large)[670]. At least 6 small airways per mouse were blind-selected and
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examined with a light microscope (BX41, Olympus). The A20 area and width of
Pbm were manually measured using Image J. The A20 area was normalized to
the Pbm.

4.3.2.5. Immunoblotting and cytometric bead array
Whole lung tissues were lysed in RIPA buffer supplemented with protease
inhibitor cocktail (Roche). The supernatants containing the protein fraction were
collected. Proteins (40μg) were resolved by SDS-PAGE and transferred onto
polyvinylidene fluoride membranes for detection of A20, phospho-p65, and IFNβ. β-actin was detected as a loading control. Mouse IL-6, KC, TNF-α, and IL-1β
concentrations were determined by cytometric bead array using a FACSCanto II
flow cytometer (BD Biosciences, USA) according to the manufacturer’s
instructions.

4.3.3. Statistical analysis
When data were normally distributed they were expressed as mean ± standard
error of mean (SEM). Data were analyzed using nonparametric equivalents and
summarized using the median and inter-quartile range (IQR) when non-normally
distributed. Multiple comparisons were first analysed by the Kruskal Wallis test
and then by individual testing if significant. A p-value of < 0.05 was considered
significant.

4.3.4. Study Approvals
All procedures were approved by The University of Newcastle Human and
Animal Ethics Committees.

4.4. RESULTS
4.4.1. IAV infection induces increased inflammatory but reduced
antiviral responses ex vivo in human COPD pulmonary bronchial
epithelial cells (pBECs)
pBECs from healthy non-smoking control subjects, COPD patients (ex-smoker)
or smoking (smoker) controls were infected with IAV H3N2 or H1N1 (MOI 5).
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Virus replication was measured 24 h after infection. Virus titers increased at 24
h (Figure 4.1A), and was two-fold greater in COPD pBECs compared to
controls. Infection resulted in the production of the pro-inflammatory
cytokines/chemokines IL-6, CXCL-8, TNF-α, and IL-1β, and antiviral cytokines
type I (IFN-β) and type III IFN-λ1 (Figure 4.1B). In COPD, the induction levels of
cytokines were substantially higher (2.5-10 fold) compared with healthy control
and smoker pBECs (Figure 4.1B). In contrast, the induction of IFN-β and IFN-λ1
proteins were reduced in COPD.
We then measured the levels of activity of NF-κB by assessing the levels of
phosphorylated p65 at Ser536 (phospho-p65) [653, 671, 672]. Infection
significantly increased the activation of p65 (phospho-p65) in both healthy and
smoker pBECs at 6 h, which was further increased at 24 h (Figure 4.1C;
Supplementary Figure S4.1A). In COPD pBECs the protein levels of phosphop65 was elevated at baseline (media controls) at 6 h and significantly increased
with infection at 24 h compared to healthy and smoker controls.
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Figure 4.1. IAV infection is more severe and results in exaggerated
inflammatory but impaired antiviral responses in pBECs from patients
with COPD.
pBECs from healthy controls, COPD patients and healthy smokers were
infected with human IAV H3N2 or H1N1, and (A) virus replication was
measured at 24 h. (B) Pro-inflammatory cytokines/chemokines IL-6, CXCL-8,
TNF-α, and IL-1β, and antiviral cytokines IFN-β and IFN-λ1 were measured in
culture supernatants at 24 h. (C) Phospho-p65 was assessed at 6 h and 24 h,
densitometry results (from Supplementary Figure S4.1A, representative
immunoblot) were calculated as phospho-p65:GAPDH ratios, and expressed as
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fold change from healthy media control. Data are mean ± SEM, n = 15 (healthy
controls and COPD patients) or 5 (healthy smokers). *P≤0.05 versus respective
non-infected media control, + P≤0.05 versus infected or non-infected healthy
controls. Statistical differences were determined with one-way ANOVA followed
by Bonferroni post-test.
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4.4.2. IAV infection also induces increased inflammatory but
reduced antiviral responses in vivo in experimental COPD
We then demonstrated these events also occur in vivo. BALB/c mice were
exposed to either normal air (air) or CS (Smk) for eight weeks. The Smk group
develops hallmark features of COPD as previously described extensively[537,
647, 650-653, 661]. Mice were then infected with IAV A/PR/8/34, and viral titers,
airway inflammation (histopathological score), and inflammatory and antiviral
cytokines were determined at 7 dpi (Figure 4.2A). Infection in air-exposed
controls leads to virus replication (Figure 4.2B) that was accompanied by
significant airway inflammation (histopathological score, Supplementary Figure
S4.1B). Infection in Smk-exposed mice resulted in a significantly higher virus
titers (four-fold) and airway histopathological score (three fold) compared to airexposed mice. In support of these data, the levels of the pro-inflammatory
cytokines/chemokines IL-6, KC (mouse equivalent of CXCL-8), TNF-α, and IL1β were also increased by infection in air- and to a greater extent in Smkexposed groups (Figure 4.2C). Antiviral cytokines were increased in infected
air-exposed controls but were either not induced (IFN-β) or were induced to a
much reduced level (IFN-λ3) in infected Smk-exposed groups (Figure 4.2D).
The exaggerated release of pro-inflammatory cytokines was associated with
significantly increased levels of phospho-p65 protein in infected Smk-exposed
compared to air-exposed controls (Figure 4.2E; Supplementary Figure S4.1C).
In all experiments, ultraviolet-inactivated virus did not have any effects
compared to media controls (data not shown).

Taken together these human ex vivo and experimental in vivo data demonstrate
that IAV infections result in increased airway inflammation, pro-inflammatory
and antiviral responses. However, COPD is associated with exaggerated
inflammation and reduced antiviral responses, leading to increased virus
replication.
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Figure 4.2. IAV infection is more severe and results in exaggerated
inflammatory and impaired antiviral responses in experimental COPD.
(A) BALB/c mice were exposed to CS (Smk) or normal air (air) for eight weeks,
infected with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham) on the last day of
smoke exposure and sacrificed 7 dpi. (B) Virus titers were measured in
bronchoalveolar lavage fluid. (C) IL-6, KC, TNF-α, and IL-1β, and (D) IFN-β and
IFN-λ3 were assessed in lung homogenates. (E) Phospho-p65 protein was
determined in lung homogenates, densitometry results (from Supplementary
Figure S4.1D, representative immunoblot) were calculated as phospho-p65 or
IFN-β:β-actin ratios, and expressed as fold change from air sham control. Data
are mean ± SEM, n = 6-8 per group, *P≤0.05 versus Sham control, +P≤0.05
versus air control. Statistical differences were determined with one-way ANOVA
followed by Bonferroni post-test.
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4.4.3. A20 is an important negative regulatory of NF-κB-mediated
inflammatory but not antiviral responses, and its expression is
reduced in human COPD and experimental COPD
We have previously shown that A20 is an important negative regulator of NF-κB
activation [632-635], but its roles during IAV infection and whether it also
regulates the induction of type I and III IFNs is unclear. We hypothesized that
A20 protein expression would be down-regulated and would contribute to the
increased activation of NF-κB in response to IAV infection in COPD. IAV
infection led to a significant induction of A20 protein at 6 h and 24 h in healthy
and smoker controls, but this increase was impaired in COPD pBECs (Figure
4.3A; Supplementary Figure S4.2A). Similarly in Smk-exposed mice, A20
protein expression was reduced in airway epithelial cells compared to airexposed controls (Supplementary Figure S4.2B).

We then investigated if A20 was important in NF-κB-mediated inflammatory
responses, and if exaggerated p65 activation was the direct result of reduced
A20 protein levels during infection in COPD pBECs. We inhibited A20
expression using A20-specific siRNA 24 h before infection, and measured the
activation of p65 and the production of pro-inflammatory cytokines/chemokines
24 h after infection. Inhibition of A20 expression (Figure 4.3B; Supplementary
Figure S4.2C) resulted in significant increases in the protein levels of phosphop65 (Figure 4.3C; Supplementary Figure S4.2C), and pro-inflammatory
cytokines/chemokines IL-6, CXCL-8, TNF-α, and IL-1β (Figure 4.3D) compared
to untreated controls, whether pBECs were infected or not. Conversely, ectopic
(ecto-) expression using a pcDNA-A20 expression vector reduced the
phosphorylation of p65 (Supplementary Figure S4.2D).
Nevertheless, inhibition or ecto-expression of A20 did not affect IFN-β and IFNλ1 induction (Figure 4.3E; Supplementary Figure S4.2D). siRNA negative
control or control vector did not affect the induction of A20 or phospho-p65
protein (Supplementary Figure S4.2E-F).
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Figure 4.3. A20 expression is reduced and it negatively regulates inflammatory but not antiviral responses in pBECs from
patients with COPD.
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(A) pBECs were infected with human IAV H3N2 or H1N1 and the protein levels of A20 were determined at 6 h and 24 h.
Densitometry results (from Supplementary Figure S4.2A, representative immunoblot) were calculated as A20 or phosphop65:GAPDH ratios, and expressed as fold change from healthy media control. Data are mean ± SEM, n = 15 per group. *P≤0.05
versus respective non-infected media control, + P≤0.05 versus healthy control. A20 expression was inhibited with a specific siRNA,
pBECs were infected with IAVs and (B) protein levels of A20 and (C) phospho-p65 and of (D) cytokines/chemokines IL-6, CXCL-8,
TNF-α, and IL-1β, and antiviral (E) IFN-β and IFN-λ1 were measured 24 h later. Densitometric ratios (from Supplementary Figure
S4.2C, representative immunoblot) were expressed as fold change from untreated media control. Data are mean ± SEM, n = 3 per
group. *P≤0.05 versus untreated, non-infected media control, +P≤0.05 versus untreated infected or non-infected control. Statistical
differences were determined with one-way ANOVA followed by Bonferroni post-test.
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Collectively these data indicate that A20 is an important negative regulator of
NF-κB but is dispensible in the induction of type I and III IFNs. A20 protein
expression is dysregulated in COPD.

4.4.4. Elevated miR-125a and b levels decrease A20 levels, increase
inflammation and impair antiviral responses in COPD pBEC and
experimental COPD
miR-125a and b have recently been shown to directly target and inhibit A20
expression [636], but its roles during IAV infection and in COPD are unknown.
Thus, we measured the levels of miR-125a and b induced by IAV infection.
H3N2 and H1N1 infections resulted in significant increases in the levels of these
miRs at 24 h in pBECs from all groups (Figure 4.4A). However, their levels were
substantially greater at baseline and during infection (2-4 fold) in COPD pBECs
compared to healthy controls. We then confirmed the direct link between
increased miR-125a and b levels and reduced A20 protein induction using
specific antagomiRs and mimetics. pBECs were pre-treated with either miR125a or b specific antagomiRs or mimetics for 24 h before infection, and A20,
phospho-p65, inflammatory and antiviral cytokines and were assessed 24 h
after infection. AntagomiR treatment inhibited miR-125a or b expression
(Supplementary Figure S4.3A), and this resulted in significant increases in A20
protein production, reduced phosphorylation of p65, subsequent induction of
pro-inflammatory cytokines/chemokines, and enhanced antiviral IFN-β and λ1
responses (Figure 4.4B and Supplementary Figure S4.3B-E) compared to
untreated controls. Conversely miR-125a or b mimetics decreased A20 protein
induction, increased phospho-p65protein levels and reduced IFN-β responses
(Supplementary Figure S4.3F). Treatment with scrambled miR or mimetic
controls did not affect A20, phospho-p65, or IFN-β production (Supplementary
Figure S4.3G-H).
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Figure 4.4. IAV infection increases the levels of miR-125 and b.
IAV infection increases the levels of miR-125 and b that suppress the
production of A20, increase inflammatory and reduce antiviral responses in
human COPD pBECs and experimental COPD. pBECs were infected with
human IAV H3N2 or H1N1 and (A) miR-125a and b levels were assessed 24 h.
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Data are mean ± SEM, n = 15 per group, *P≤0.05 versus non-infected media
control. +P≤0.05 versus healthy or smoker control. (B) pBECs were treated with
miR-125a or b antagomiR, infected, and the levels of A20, phospho-p65, IFN-β
and IFN-λ1 were assessed. Densitometry results (Supplementary Figure S4.3B,
representative immunoblot) were calculated as A20 or phospho-p65:GAPDH
ratios and expressed as fold change from untreated, non-infected control. Data
are mean ± SEM, n = 3 per group, *P≤0.05 versus untreated, non-infected
media control, +P≤0.05 versus untreated infected or non-infected group. (C)
BALB/c mice were exposed to CS (Smk) or normal air (air) for eight weeks,
inoculated with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham) on the last day of
smoke exposure, sacrificed 7 dpi and the levels of miR-125a and b were
measured. Data are mean ± SEM, n = 6-8 per group, *P≤0.05 versus Sham
group, +P≤0.05 versus air infected or non-infected group. (D) In other groups on
the last day of smoke exposure mice were treated with miR-125a or b
antagomiR alone or in combination, infected with IAV, and (E) airway
histological scores were assessed. Data are mean ± SEM, n = 6-8 per group,
*P≤0.05 versus infected and scrambled treated air controls, +P≤0.05 versus
infected and Scr-treated Smk group. (F) The protein levels of A20, phosphop65, and IFN-β in lung homogenates were also measured. Densitometry results
(Supplementary Figure S4.4D) were calculated as A20 or phospho-p65:β-actin
ratios and expressed as fold change from untreated, non-infected control. Data
are mean ± SEM, n = 6-8 per group, *P≤0.05 versus infected Scr-treated air
group, +P≤0.05 versus infected scrambled Smk group. Statistical differences
were determined with one-way ANOVA followed by Bonferroni post-test.
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We then assessed whether similar events occurred in vivo. IAV infection
significantly increased the levels of miR-125a and b in both groups, with the
levels in Smk group significantly higher compared to air-exposed controls
(Figure 4.4C). We then inhibited miR-125a or b before and during infection
(Figure 4.4D). We also extended the ex vivo data by inhibiting both miR-125a
and b together. Treatment with miR-125a or b antagomiR, alone or in
combination, reduced histopathological scores (Figure 4.4E and Supplementary
Figure S4.4A) and improved lung function (reduced lung volume determined
during a pressure-volume loop manoeuvre) in air and Smk-exposed groups
compared to infected scrambled antagomiR-treated controls (Supplementary
Figure S4.4B). Inhibition of miR-125a, b, or a and b, also increased A20 protein
expression in the airway epithelium and decreased the levels of phospho-p65
compared to the controls (Figure 4.4F; Supplementary Figure S4.4C-D).
Importantly while we could only detect reductions in TNF-α and KC with
combined treatment (Supplementary Figure S4.4E), antagomiR treatment,
either alone or in combination, also significantly increased IFN-β and IFN-λ3
protein induction (Figure 4.4F and Supplementary Figure S4.4D).

Collectively, these data show that miR-125a and b are directly involved in the
regulation of both inflammatory cytokines, through the control of A20, and
antiviral cytokine production through an unknown target.

4.4.5. miR-125a and b target MAVS
To determine the mechanism of miR-125a and b-mediated regulation of antiviral
IFN-β/λ,

we

performed

miR

prediction

analysis

using

TargetScan

(www.targetscan.org). miR-125a and b have a putative binding site in the 3′UTR of human and mouse MAVS (Figure 4.5A-B). To examine these putative
interactions we first assessed the protein levels of MAVS in pBECs. MAVS
protein levels were significantly increased 24 h after IAV infection in healthy
control and smoker, but notably not in COPD pBECs (Figure 4.5C;
Supplementary Figure S4.5A).
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Figure 4.5. miR-125a and b target a functional binding site of the 3′-UTR of
the mRNA of MAVS to suppress its expression.
(A) Representation of MAVS gene structure and location of miR-125a and b
binding site. (B) The binding site on 3′-UTR of MAVS is 100% conserved
between human and mouse MAVS. (C) pBECs were infected with H3N2 or
H1N1 and MAVS protein was detected at 6 h and 24 h. Densitometry results
(Supplementary Figure S4.5A, representative immunoblot) were calculated as
MAVS:GAPDH ratios and expressed as fold change from untreated, noninfected controls. Data are mean ± SEM, n = 15 per group, *P≤0.05 versus noninfected healthy or smoker controls, +P≤0.05 versus infected or non-infected
healthy controls. (D) BALB/c mice were exposed to CS (Smk) or normal air (air)
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for eight weeks, inoculated with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham)
on the last day of smoke exposure, sacrificed 7 days post inoculation (dpi) and
the levels of MAVS protein were measured in lung homogenates. Densitometry
results (Supplementary Figure S4.5B, representative immunoblot) were
calculated as MAVS:β-actin ratios in mouse, and expressed as fold change
from untreated, non-infected controls. Data are mean ± SEM, n = 6 per group,
*P≤0.05 versus Sham-treated controls. + P≤0.05 versus infected air controls.
(E) The miR-125a and b binding site on 3′-UTR was cloned into a pMIR
luciferase reporter construct and transfected into HEK293 cells with miR-125a
or b mimetics. The luciferase reporter assay was performed to determine
binding Data are mean ± SEM, n = 3 per group, *P≤0.05 versus miR scrambled
controls. (F) Ago2 was immunoprecipitated from miR-125a or b mimetictransfected HEK293 and (G) A20 and MAVS mRNA was detected by qPCR in
Ago2-immunoprecipitate. Data are mean ± SEM, n = 3 per group, *P≤0.05
versus IgG control IP. Statistical differences were determined with one-way
ANOVA followed by Bonferroni post-test.
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Similarly, infection in Smk-exposed mice was also associated with signficantly
impaired production of MAVS compared to infected air-exposed controls at 7dpi
(Figure 4.5D; Supplementary Figure S4.5B).

To confirm the potential interaction of miR-125a/b and MAVS, we cloned the
putative binding region of miR-125a and b in wild-type (MAVS-WT) or mutant
(MAVS-MT) MAVS 3′-UTR into a luciferase reporter construct. The construct
was co-transfected into HEK293 cells along with miR-125a or b mimetics, or
scrambled controls, and then luciferase activity was assessed. Co-transfection
of miR-125a or miR-125b mimetics with MAVS-WT resulted in a significant
decrease in luciferase activity compared to scrambled controls (Figure 4.5E).
There was no reduction in activity with co-transfection with MAVS-MT. We then
determined if MAVS gene is present with the miR-125a or b mimetics in the
silencing complex. To do this we immunoprecipitated Argonaute 2 (Ago2), a
core component of RNA-induced silencing complex (RISC) that binds to the
miRs and their target mRNA, with a specific antibody and detected the
presence of both A20 and MAVS by qPCR, which could not be detected with
immunoprecipitation with IgG control (Figure 4.5F). This confirmed that miR125a and b directly bind to the endogenous 3′-UTR of MAVS.

4.4.6. miR-125a and b targeting of MAVS regulates antiviral
responses in COPD pBEC and experimental COPD
We then investigated whether inhibition of miR-125 has a functional outcome.
We showed that miR-125a and b antagomiR treatment lead to significant
increases in MAVS (Figure 4.6A and Supplementary Figure S4.6A-B), IFN-β
and IFN-λ1 protein induction (Figure 4.4B and Supplementary Figure S4.3C),
and reduced viral replication in both healthy and control pBECs (Figure 4.6B). In
contrast, mimetics suppressed the induction of antiviral cytokines and increased
virus titers (Supplementary Figure S4.3F). Similarly in Smk-exposed mice,
inhibition of miR-125a, b, or a+b resulted in increased induction of MAVS
(Figure 4.6C and Supplementary Figure S4.6C), IFN-β and IFN-λ3 (Figure 4.4F
and Supplementary Figure S4.4D-E), and inhibited virus replication (Figure
4.6D).
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Figure 4.6. miR-125a and b suppresses the induction of MAVS
miR-125a and b suppresses the induction of MAVS and promote virus
replication in human COPD pBECs and experimental COPD. (A) miR-125a and
b antagomiR or mimetics were added to pBECs before infection with human
IAV H3N2 or H1N1 and mitochondrial antiviral signaling (MAVS) protein were
assessed 24 h after infection. Densitometry results (Supplementary Figure
S4.6A, representative immunoblot) were calculated as MAVS:GAPDH ratios
and expressed as fold change from untreated, non-infected controls. Data are
mean ± SEM, n = 3, *P≤0.05 versus untreated, non-infected media controls,
+P≤0.05 versus untreated, infected or non-infected controls. (B) Virus
replication was also measured. Data are mean ± SEM, n = 3. *P≤0.05 versus
untreated, infected controls. (C) BALB/c mice were exposed to CS (Smk) or
normal air (air) for eight weeks, treated with mir125a and/or b antagomiR,
infected with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham) on the last day of
smoke exposure, sacrificed 7 days post inoculation (dpi) and MAVS protein was
measured. Densitometry results (Supplementary Figure S4.6C, representative
immunoblot) were calculated as MAVS:β-actin ratios and expressed as fold
change from untreated, non-infected controls. Data are mean ± SEM, n = 6,
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*P≤0.05 versus infected, Scr-treated air or Smk controls. (D) Virus replication
was assessed. Data are mean ± SEM, n = 6, *P≤0.05 versus infected, Scrtreated controls. Statistical differences were determined with one-way ANOVA
followed by Bonferroni post-test.
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Collectively these data demonstrate that miR-125a and b negatively regulate
MAVS expression and suppress the induction of IFN-β/λ, and may potentially be
targeted therapeutically in the prevention and/or treatment of IAVs and COPD.

4.5. DISCUSSION
Here we discover that IAV infections induce airway inflammation and antiviral
responses, however in COPD pBECs and experimental COPD inflammatory
responses and activation of NF-κB are exaggerated but antiviral responses are
impaired. We show that A20 is a negative regulator of NF-κB-mediated
induction of inflammatory but not antiviral cytokines, and that A20 protein levels
were impaired in COPD. The impaired induction of A20 and antiviral responses
in COPD was attributed to increased expression of miR-125a and b. Elevated
levels of these miRs suppressed A20 expression, leading to heightened NF-κB
activity and inflammation and reduced antiviral responses. Inhibition with miR125a and b antagomiRs increased A20 levels and reduced NF-κB activity, and
also promoted IFN production. We then demonstrated that miR-125a and b
modulated IFN induction by targeting MAVS translation. MAVS protein levels
were reduced in COPD, but could be increased with specific miR-125a and b
antagomiR treatment that also induced IFN production. Thus, IAV infection
induces the expression of miR-125a/b that suppress A20 and MAVS, in turn
promoting NF-κB-induced inflammation and attenuating anitviral IFN production,
respectively, increasing viral replication. All these events are exaggerated in
COPD (Figure 4.7).

IAV is a major infectious pathogen that poses serious health concerns
worldwide. Infections, particularly with highly pathogenic influenza viruses,
cause severe airway inflammation and a cytokine storm with high morbidity and
mortality. COPD is a major global health problem that is underpinned by
exaggerated inflammatory responses in the airways[673]. IAV infections
frequently result in acute exacerbations of COPD, leading to accelerated
declines in lung function[674, 675] and increased mortality[640]. The
mechanisms of exaggerated inflammation and severe outcomes in COPD are
poorly understood, and there are no effective therapies for these events.
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Figure 4.7. Roles of miR-125a and b in the regulation of inflammatory and
antiviral responses in IAV infection.
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Here we show that IAV-mediated inflammatory response are dampened with
ectopic expression of A20 that reduces NF-κB activity and inflammatory
responses, without affecting type I and III IFN responses. A20 is a deubiquitinating enzyme that degrades RIP1 and inhibits NF-κB activation [634],
and has been shown to suppress the induction of IFN-β[676]. We found that
A20 modulated NF-κB activity and inflammation, but did not affect type I and III
IFNs production.

Consistent with our previous findings [647], IAV infections in COPD pBECs and
experimental COPD led to heightened inflammation and production of
inflammatory cytokines but impaired antiviral responses (IFN-β and IFN-λ),
which were associated with greater viral replication. Increased inflammation,
inflamamtory cytokines and activation of NF-κB are well-known in COPD[644,
677]. Here we show that these are the result of reduced induction of A20,
leading to uncontrolled activation of NF-κB and subsequent induction of
inflammatory cytokines. A20 is a pleiotropic protein involved in various ubiquitindependent pathways including NF-κB[636] and mitogen-activated protein (MAP)
kinase pathway[678], and has also been shown to negatively regulate type I IFN
inductions[676, 679, 680]. Surprisingly inhibition or ectopic expression of A20
did not affect IFN-β production. The precise roles of A20 during viral infections
therefore require further investigation. We could not rule out that other factors
may also contribute to the regulation of A20 expression and of NF-κB activity,
including other un-identified miRs, which may also be dys-regulated in COPD.

Forced expression of A20 may be a novel therapeutic option that reduces IAVmediated inflammation and cytokine storm, particularly from high pathogenic
IAVs such as H5N1, or in COPD where airway inflammation is already
persistently heightened.

The lack of the induction of A20 protein during IAV infection in COPD was
attributed to increased levels of miR-125a and b. These miRs down-regulate
A20 expression by directly binding to its 3′-UTR, leading to constitutive
activation of NF-κB[636]. We found that heightened levels of miR-125a/b
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resulted in increased activation of NF-κB in COPD. Inhibition of miR-125a or b
in both healthy and COPD pBECs and in experimental COPD increased A20
protein levels and reduced NF-κB activation during IAV infection.
We also found that miR-125a and b modulated the induction of type I and III
antiviral IFNs. This occurred by the direct targeting of MAVS 3′-UTR, therefore
down-regulating the subsequent induction of IFN-β and IFN-λ. MAVS is an
important adaptor protein on mitochondria that facilitates the production of IFNs
[461], however there was an impaired induction of MAVS by IAV infections in
COPD pBECs and in experimental COPD. Inhibition of miR-125a and/or b
increased the levels of MAVS and antiviral IFNs, which lead to reduced virus
replication both in vivo and in vivo. Interestingly antagomiRs against miR-125a
and/or b (either alone or in combination) in experimental COPD, partially
reduced the release of inflammatory cytokines, and substantially suppressed
virus replication. This may indicate that miR-125a and b may preferentially
target MAVS over A20 during IAV infection in COPD, although such binding
preferences of miRs have not been widely investigated. Furthermore, as MAVS
is transcriptionally driven by IFN-sensitive response element (ISRE) as part of
the IFN-stimulated genes[681], and miR-125a/b have been reported to be
induced by NF-κB[682], it is possible that reduced MAVS partly attributed to
impaired IFNs in COPD, and with enhanced expression of miR-125a/b (NF-κBinducible) this then leads to continuous cycle of exaggerated inflammation and
impaired antiviral immunity in COPD.

Although miR-125a/b appears to be NF-κB-inducible, the exact molecular
mechanisms of enhanced miR-125a/b expression in COPD require further
investigation. In colorectal cancer tissues the levels of miR-125a have been
shown to be reduced, which is asoociated with hyper-methylation at the CpG
island within the promoter region of miR-125a[683]. Similarly in breast cancer
cell line reduced miR-125a has also been shown to be associated with trimethylation at H3K9 and H3K27 at the promoter region of miR-125a[684]. It is
therefore possible that the methylation status of miR-125a/b promoter site is
altered in COPD, leading to increased expression of miR-125a/b. Nevertheless,
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our data also demonstrate that specific inhibition of miR-125a/b may be novel
therapeutic options against IAV infections and for those whom are most
vulnerable.

CS is the major risk factor for COPD. Acute exposure results in oxidative stress
and NF-κB activation[685-687]. However the effects we have observed in
COPD appear to be independent of acute exposure to cigarette smoking, as the
pBECs obtained from subjects with COPD were all abstinent from smoking for
at least 10 years. In support of this, a pooled analysis by Gamble et al.,
assessed airway mucosal inflammation in COPD smokers and ex-smokers
where they demonstrated no significant differences between smokers and exsmokers in the numbers of any of the inflammatory cell types or markers
analysed. The study suggested that in established COPD, the bronchial
mucosal inflammatory cell infiltrate is similar in ex-smokers and those that
continue to smoke[688]. Also, epigenetic impact of CS exposure and its effect
on gene expression of important human innate immune components might have
long-term effects that may or may not be reversed[689]. Thus, in the context of
our study we consider that it is likely that chronic smoke exposure progressively
leads to persistent induction of miR-125a and b and NF-κB activation[690, 691],
that then impairs the induction of A20 and MAVS in COPD.

4.6. CONCLUSION
Collectively, our results demonstrate that A20 regulates NF-κB activation and
subsequently the production of inflammatory cytokines but not antiviral IFNs.
COPD pBECs and mice with experimental COPD responded to IAV infection
with an exaggerated inflammatory but impaired antiviral responses. Increased
levels of miR-125a and b by IAV and in COPD suppressed protein inductions of
A20 and MAVS, leading to heightened airway inflammation and reduced IFN
production. Inhibition of miR-125a and b reduced the induction of inflammatory
cytokines and enhanced antiviral responses to IAV infection in both healthy and
COPD states. This study therefore identifies a novel potential therapeutic target
for IAV infection in general and in COPD.
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4.7. SUPPLEMENATRY FIGURES

Supplementary Figure S4.1. Protein levels of phospho-p65 in IAV infected pBECs from human COPD patients and
histopathology and phospho-p65 and antiviral responses in experimental COPD.
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(A) pBECs from healthy controls, COPD patients and healthy smokers were infected with human IAV H3N2 or H1N1 and the
protein levels of phospho-p65 were measured at 24 h. n =10 (healthy controls and COPD patients) or 5 (healthy 1 smokers). (B)
BALB/c mice were exposed to CS (Smk) or normal air (air) for eight weeks, infected with IAV H1N1 (A/PR/8/34, 8pfu) or media
(Sham) on the last day of smoke exposure and sacrificed 7 days post inoculation (dpi). Lung tissue sections were stained with
haematoxylin and eosin stains, and histopathological scores were obtained. Data are mean ± SEM, n = 6-8 per group, +P≤0.05
versus air control. (C) Protein levels of phospho-p65 and IFN-β were measured. Statistical differences were determined with oneway ANOVA followed by Bonferroni post-test.
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Supplementary Figure S4.2. Protein levels of A20 in IAV infected human
COPD pBECs and experimental COPD, and the effect of A20 inhibition on
inflammatory and antiviral responses in pBECs.
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(A) pBECs from healthy controls, COPD patients and healthy smokers were
infected with human IAV H3N2 or H1N1 and A20 protein levels were measured
at 6 h and 24 h. (B) BALB/c mice were exposed to CS (Smk) or normal air (air)
for eight weeks, infected with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham) on
the last day of smoke exposure and sacrificed 7 days post inoculation (dpi).
Mouse lung sections were stained with A20 specific antibody, which was
detected by immunohistochemistry, and quantified by normalization to perimeter
of basement membrane (pbm). A20 protein expression was quantified. Data are
mean ± SEM, n = 6-8 per group, * P≤0.05 versus Sham control, +P≤0.05 versus
air control. (C) A20 expression was silenced using specific siRNA or (D)
increased using a pcDNA-A20 expression plasmid 24 h before infection, and
A20, phospho-p65, and IFN-β protein levels were determined. Data are mean ±
SEM, n = 3. *P≤0.05 versus respective non-infected media control, + P≤0.05
versus untreated infected or non-infected group. (E) pBECs were transfected
with siRNA control, siRNA vehicle control, or (F) pcDNA vector control or
vehicle control and A20, phospho-p65, and IFN-β protein levels were detected.
Statistical differences were determined with one-way ANOVA followed by
Bonferroni post-test.
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Supplementary Figure S4.3. miR-125a and b levels and the effects of their
inhibition or ectopic-expression on A20, and phospho-p65, inflammatory
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cytokine/chemokine and IFN-β production during IAV infection in human
COPD pBECs.
(A) pBECs from healthy controls, COPD patients and healthy smokers were
infected with human IAV H3N2 or H1N1 and the levels of miR-125a and b were
measured 24 h after infection. Data are mean ± SEM, n = 3. *P≤0.05 versus
respective non-infected media control, + P≤0.05 versus untreated infected or
non-infected group. (B) miR-125a or (C) b antagomiR was transfected into
pBECs 24 h before infection, and the protein levels of A20, phospho-p65, and
IFN-β were determined 24 h after infection. Data are mean ± SEM, n = 3.
*P≤0.05 versus respective non-infected media control, + P≤0.05 versus
untreated infected or non-infected group. (D and E) cytokines/chemokines IL-6,
CXCL-8, TNF-α, and IL-1β were also determined 24 h after infection. Data are
mean ± SEM, n = 3. *P≤0.05 versus respective non-infected media control, +
P≤0.05 versus untreated infected or non-infected group. (F) miR-125a or b
mimetics were added to pBECs 24 h before infection, and the protein levels of
A20, phospho-p65, and IFN-β and IFN-λ1 were detected 24 h after infection.
Data are mean ± SEM, n = 3. *P≤0.05 versus respective non-infected media
control, + P≤0.05 versus untreated infected or non-infected group. (G) miR
scrambled and vehicle controls were added to pBECs before infection and the
levels of miR-125a and b, and (H) the protein levels of A20, phospho-p65, and
IFN-β were assessed. Data are mean ± SEM, n = 3. *P≤0.05 versus vehicle
control. Statistical differences were determined with one-way ANOVA followed
by Bonferroni post-test.
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Supplementary Figure S4.4. miR-125a and b levels and the effects of their
inhibition on histopathology, lung function, A20, and phospho-p65,
inflammatory cytokine/chemokine and IFN-β production during IAV
infection in experimental COPD.
BALB/c mice were exposed to CS (Smk) or normal air (air) for eight weeks,
miR-125a or b antagomiR, or both, were administered on the last day of
cigarette, before infection with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham).
Mice were sacrificed 7 days post inoculation (dpi). (A) Whole lung sections were
stained with haematoxylin and eosin, (B) lung function was assessed in terms
of pressure-volume loops and compliance at 30cmH2O. Data are mean ± SEM,
n = 6-8 per group. *P≤0.05 versus infected scrambled control. (C) A20 protein
was detected in lung sections. (D) protein levels of A20, phospho-p65, and IFNβ were detected. (E) Cytokines/chemokines IL-6, CXCL-8, TNF-α, and IL-1β
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were measured 7dpi. Data are mean ± SEM, n = 6-8 per group. *P≤0.05 versus
infected scrambled control. Statistical differences were determined with oneway ANOVA followed by Bonferroni post-test.
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Supplementary Figure S4.5. Protein levels of MAVS during IAV infection in
human COPD pBECs and experimental COPD.
(A) pBECs from healthy controls, COPD patients and healthy smokers were
infected with human IAV H3N2 or H1N1 and the protein levels of MAVS were
detected 24 h. (B) BALB/c mice were exposed to CS (Smk) or normal air (air)
for eight weeks, inoculated with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham)
on the last day of smoke exposure and sacrificed 7 days post inoculation (dpi).
The protein levels of MAVS were detected in lung homogenates.
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Supplementary Figure S4.6. The effect of miR-125a and b inhibition or over-expression on the protein levels of MAVS and
IFN-β in IAV infection of human COPD pBECs and experimental COPD.
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(A and B) miR-125a and b antagomiR or mimetics were added to pBECs before infection with human IAV H3N2 or H1N1 and
MAVS, IFN-β, and IFN-λ1 protein were detected 24 h. Data are mean ± SEM, n = 3. *P≤0.05 versus respective non-infected media
control, + P≤0.05 versus untreated infected or non-infected group. (C) BALB/c mice were exposed to CS (Smk) or normal air (air)
for eight weeks, treated with mir125a and/or b antagomiR, inoculated with IAV H1N1 (A/PR/8/34, 8pfu) or media (Sham) on the last
day of smoke exposure and sacrificed 7 dpi. Statistical differences were determined with one-way ANOVA followed by Bonferroni
post-test.
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CHAPTER 5
GENERAL DISCUSSION AND
CONCLUSIONS
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Respiratory diseases such as asthma, COPD and influenza are major causes of
mortality and morbidity worldwide[75, 131, 692]. IAV infection is a massive
global clinical problem that imposes an enormous socioeconomic burden.
People with chronic lung diseases, particularly asthma and COPD are more
susceptible to viral infections, including with IAV[141]. Approximately 35% of
deaths in asthma patients have been attributed to a concomitant IAV
infection[145]. These infections have been identified to be the major causes of
exacerbations and worsening of the underlying respiratory diseases[144].
However, the immunological mechanisms that underpin these associations are
largely unknown.
Infection-induced exacerbations, often caused by IAV, are the 2nd most common
cause of hospitalisations in Australia[146] and 2,715 deaths in COPD patients
was reported in 2006 due to IAV and its complications[132]. Furthermore, those
with COPD are consistently over-represented in those hospitalised or who died
during pandemics[147]. Therefore, there is an urgent need to develop novel and
effective preventions and treatments for IAV infection, especially for those who
are most susceptible. For these reasons, IAV infections have attracted much
attention from the pharmaceutical industry. The most effective approach may be
to improve host immunity rather than targeting the virus and developing
treatments directed against both IAV invasion and proliferation [152].

To understand the biological and molecular mechanisms driving the
pathophysiology of chronic respiratory conditions, we utilised mouse models of
experimental allergen-induced asthma with Ova[255, 391, 693, 694] and HDM,
and experimental COPD[264]. These models mimic the hallmark features of the
human diseases within a short time frame and have been recognised as the
most relevant animal models. We have also established representative models
of IAV infection in healthy mice and those with experimental asthma[693, 695]
or COPD[264]. Our studies produced important findings where we have
identified the involvement of various regulatory factors such as IL-13 and miR21 in AAD and IL-13, miR-21, miR-125a and b in COPD respectively. These
factors have enhanced our understanding of the molecular mechanisms that
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underpin the association between IAV infection and chronic airway diseases.
We also observed that targeting these factors protected against IAV infection
and disease exacerbations by reducing viral titres and inflammatory responses
in both these disease settings.

5.1. IAV INFECTION IN EXPERIMENTAL AAD
We have used HDM, which is a disease-relevant natural antigenic protein and
source of indoor allergens in our AAD mice model to understand the
mechanisms driving increased susceptibility of AAD to IAV infection. We
demonstrated that AAD increased susceptibility to IAV infection as indicated by
increased viral titre. We also showed that IAV infection exacerbated HDMinduced AAD by inducing Th2 responses that impaired antiviral responses,
exaggerated

airway

inflammation

and

IL-13Rα1

expression,

increased

histopathology, mucus secretion, collagen deposition around small airways,
small airways epithelial thickness and induced AHR. This clearly shows the
influence of IAV virus infection in exacerbating AAD. The combination of
infection and allergen challenge also reduced antiviral responses and levels of
IFNs in response to IAV infection. All these characteristic features of IAV
infection in HDM-induced AAD could be replicated with Ova- induced AAD.

Our studies also show that infected mice with AAD after rechallenging with an
allergen have ongoing remodelling characterised by excessive mucus and
collagen production that was unresponsive to dexamethasone. This is
supported by numerous published reports where patients with severe asthma
responded poorly to the available treatments like corticosteroids and long acting
inhaled β2 agonists[130, 696, 697]. This warrants further in-depth investigation
on the mechanisms and kinetics involved in dexamethasone resistance and
remodelling events that forms a part of future ongoing studies.

We have also demonstrated that mice with AAD are more susceptible to IAV
infection thereby increasing its severity. We have also established a model of
IAV infection in healthy mice. Our mouse models of asthma are sensitised and
challenged with either Ova or HDM that result in the development of AAD. Ova271

or HDM-induced AAD is characterized by elevated levels of IL-13 and replicated
features of the human disease in mice[698]. These observations are supported
by previously published findings[548-550]. However, only few studies have
examined the effects of IL-13 in viral infections. The findings in this study
indicated that IL-13 is probably one of the main activating factors mediating IAV
infection-induced exacerbations of AAD.

Corticosteroid therapy often fails to control exacerbations in patients with
asthma, particularly those with severe disease[599-602]. We observed that
dexamethasone treatment predisposed AAD mice to IAV infection that then
induced steroid-resistant allergic inflammation and AHR. Our findings were
consistent with several studies that showed poor response to inhaled steroids
during disease exacerbation that was assessed as ineffective reductions in
airway inflammation and AHR[496, 699-701]. These observations highlight data
relevant to the induction of steroid resistance, tissue remodelling and disease
exacerbations that have been identified to be regulated by altered glucocorticoid
signalling, altered Th cell polarization, innate immune activation and chronic
inflammation[496]. They may also indicate that steroids primarily be useful as
maintenance therapies to suppress ongoing inflammation but not in acute
exacerbations. Steroid treatments need to be considered in the background of
multiple undesirable side effects, especially steroid resistance due to long-term
use and immune-suppressive effects mediated by this class of drugs.

Many studies have clearly demonstrated that IL-13 plays a prominent role in
asthmatic responses[66, 518, 551, 552]. In our study, we demonstrated that the
inhibition of IL-13 with anti-IL-13 specific monoclonal antibody protected mice
against infection and reduced the severity of AAD following IAV infection. This
was indicated by reduced viral titre, tissue inflammation, eosinophil count,
mucus-secreting cells and transpulmonary resistance in anti-IL-13-treated
infected mice with AAD compared to isotype-treated infected non-allergic
controls. Inhibition of IL-13 signalling has been shown to reduce allergic airway
responses in patients with asthma[702]. Similarly, the absence of IL-13 or its
signalling (either through genetic deletion of IL-13 or blocking of its critical
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signalling elements, such as STAT6) has been demonstrated to decrease
AHR[703-707]. The genetic overexpression of IL-13 has been linked to
increased AAD-related features, including AHR[708]. Also, various anti-IL-13
strategies have been proposed (anrukinzumab, lebrikizunab and tralokinumab).
The most relevant clinical results have been reported with lebrikizumab[598] in
the treatment of severe asthma and associated exacerbation. A randomized,
double-blind, placebo-controlled study of lebrikizumab in asthma patients with
uncontrolled disease demonstrated that compared to the control population
receiving placebo, patients on lebrikizumab (250 mg monthly for 6 months) had
a higher increase in FEV1 versus at baseline. In particular, greater improvement
in lung function and larger reduction in FeNO levels of the patients with higher
serum levels of periostin (periostin-high patients) before lebrikizumab treatment
was observed compared to patients with low periostin (periostin-low
patients)[709]. Another evidence with two randomized, multicentre, doubleblind, placebo-controlled studies

revealed that treatment with lebrikizumab

reduced asthma exacerbations (significant 60% reduction) particularly in
periostin-high

patients,

in

contrast

to,

of

periostin-low

patients

(5%

reduction)[710].

Our study highlights anti-IL-13 as a potential and promising therapeutic
intervention for the treatment of AAD and infection-induced exacerbations of
AAD over corticosteroids treatment. Overall, our findings agree with various
clinical studies that demonstrated an increased susceptibility of asthma patients
to various viral infections including IAV[541, 556-559].

Further, we have also observed that infections in experimental asthma,
including by IAV, increased the expression of miR-21, which we have identified
as another potential driver of the pathogenesis of severe asthma. Inhibition of
miR-21 or its downstream signalling molecule PI3K potently reduced the
severity of experimental asthma. Lee et al., showed that miR-21 is up-regulated
during allergic airway inflammation, reflecting a Th2 immune response. miR-21
antagomir treatment reduced the levels of Th2 cytokines, including IL-4, IL-5,
and IL-13 thereby showing an association between IL-13 and miR-21 in allergic
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inflammation[365]. Moreover our study demonstrated that treatment with the
PI3K inhibitor LY294002 (LY29) induced a significant reduction in viral titre,
tissue inflammation, number of MSCs and tissue eosinophils in infected mice
with AAD compared to infected non-allergic controls. Our results were
consistent with the investigation done by Huang and colleagues where they
demonstrated that LY29 attenuated AHR, airway inflammation and remodelling
(lung tissue eosinophilia, mucus production, collagen deposition, smooth
muscle hypertrophy and angiogenesis) in murine model of asthma. However,
they observed PI3K as a major downstream messenger for IL-25 mediated
signalling while we observed the same for IL-13-mediated mechanism driving
the pathogenesis of asthma[615]. Our data also emphasise the potential of
PI3K inhibitors as novel therapeutic interventions to manage increased
susceptibility of AAD patients to IAV infection. Figure 5.1 represents our
consolidated findings observed with IAV infection in experimental asthma.

5.2. IAV INFECTION IN EXPERIMENTAL COPD
Our mouse models of COPD are induced by the chronic inhalation of CS and
recapitulate the hallmark features of the human disease. The features in our
model induced by nose-only exposure develop in eight weeks compared to 4-6
months that is typically required. Our model represents exposure in a pack a
day smoker[711], and the same gene signatures occur as those observed in
human emphysema[712]. Our group has recently published that mice with
experimental COPD are more susceptible to IAV infection with increased viral
titres and impaired anti-viral responses[371]. In turn the exaggerated infection
exacerbated the chronic disease with increased airway inflammation and
impaired lung function. This model was subsequently used to demonstrate that
an increase in the levels of PI3K protein is involved in increased susceptibility to
infection. Similar observations were reported by Hsu and colleagues in human
cultured primary bronchial epithelial cells (pBECs) from COPD patients infected
with seasonal influenza (H1N1)[371]. To further explore the mechanisms of
increased susceptibility to IAV infection in COPD, we investigated and identified
various critical factors.
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Figure 5.1. Roles of IL-13, IL-13Rα1 and miR-21 in increased susceptibility to IAV infection in AAD.
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AAD was induced in mice by sensitisation and challenge with Ova. On the last day of Ova challenge, some mice were infected with
7.5 plaque forming unit (PFU) of the mouse-adapted IAV H1N1 A/PR/8/34. We observed an association between increased levels
of IL-13/IL-13Rα1 and miR-21 (via increased PI3K activity). This in turn led to increased viral load, worsening of disease features
and exacerbation of the underlying chronic lung disease. Inhibition of augmented IL-13, miR-21 and PI3K using monoclonal anti-IL13 antibody, Ant-21 and PI3K inhibitor (LY294002), respectively, reduced viral load, and improved disease features and
exacerbation of the underlying chronic lung disease. This highlights their potential to be used as novel therapeutic interventions. We
demonstrated the effectiveness of all the three therapeutic biological/chemical moieties in managing increased susceptibility of AAD
patients to influenza infection.
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IL-13 is generally not associated with COPD but in our study, we showed using
IHC that IAV infection in experimental COPD increased the expression of IL13Rα1. IL-13Rα1 expression was significantly increased in the airway
epithelium of non-infected smoke-exposed mice compared to non-infected
normal air-exposed mice. Both infected normal air-exposed mice and infected
smoke-exposed mice had further increases in IL-13Rα1 levels in the airway
epithelium, which is a novel finding in itself. To date there have been few
investigations of the association between IL-13 and COPD. Also, we
demonstrated an increased expression of miR-21 in response to IAV infection in
COPD using ISH.

Xie and colleagues demonstrated that the upregulation of miR-21 in peripheral
blood serum and mononuclear cells of COPD patients may contribute to the
pathogenesis and increased severity of COPD[369]. They also suggested that
levels of serum miR-21 may be a valuable marker for evaluating the
development of COPD in heavy smokers[370], although this miR-21 is unlikely
to be used solely as biomarker because numerous diseases have increased
miR-21, not only smoking and COPD. We also observed a significant increase
in the numbers of MSCs in infected smoke-exposed mice compared to noninfected smoke-exposed mice. This is in agreement with a study by Alevy and
colleagues where IL-13 was demonstrated to drive mucus production in human
airway epithelial cells probably via signalling from chloride channel calciumactivated 1 (CLCA1) to MAPK13[622].

To further assess the therapeutic potential of targeting IL-13 using anti-IL-13
specific monoclonal antibody, we again used our experimental smoking model.
We observed that anti-IL-13 treatment significantly reduced tissue inflammation,
numbers of MSCs and miR-21 expression in infected smoke-exposed mice
compared to isotype-treated infected smoke-exposed mice. A recently
published review highlighted the potential of monoclonal antibodies against IL13 (lebrikizumab, tralokinumab) in the treatment of COPD[623]. However, ours
is the first laboratory-based work that demonstrates the therapeutic potential of
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anti-IL-13 to manage the increased susceptibility of COPD patients to IAV
infection.

miR-21 is postulated to play a pathogenic role in various chronic respiratory
diseases particularly, asthma more so than COPD[713]. So far various reports
have defined the associations of miR-21 with COPD[369, 370], but our data
defined the links between miR-21 and increased susceptibility to IAV infection in
COPD. To further understand and assess the clinical potential of targeting miR21 in COPD patients who are highly susceptible to IAV infection, we used Ant21. Ant-21 treatment reduced viral titres in infected normal air-exposed mice
compared to Scr-treated infected normal air-exposed mice. Also, Ant-21-treated
infected smoke-exposed mice had significantly reduced viral titre and numbers
of MSCs (back to base line) compared to isotype-treated infected smokeexposed mice. Figure 5.2 summarises our important observations that show the
mechanisms of increased susceptibility to IAV infection in COPD.

We also identified a novel signalling pathway that is mediated by miR-125a and
b that regulates susceptibilty to IAV infection in experimental COPD. We
demonstrated that miR-125a/b reduce the expression of A20 (a negative
regulator of NF-κB activation) and mitochondrial antiviral signalling (MAVS) and
subsequently worsens inflammation and increases susceptibility to IAV infection
in COPD. We observed that IAV infections lead to increased inflammatory and
reduced antiviral responses in pBECs from healthy non-smoking and smoking
subjects. However, infection resulted in exaggerated inflammatory and impaired
antiviral response in pBECs from COPD patients. We again observed increased
expression of miR-125a/b, reduced expression of both A20 and MAVS and
exaggerated inflammatory responses and impaired antiviral immunity to IAV
infection in experimental COPD. These observations were replicated in in vivo
mouse model of experimental COPD. Inhibition of miR-125a and b reduced the
induction of inflammatory cytokines and enhanced antiviral responses to IAV
infection in both healthy and COPD states. This study therefore identified a
novel potential therapeutic target to suppress IAV infection in general and in
COPD.
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Figure 5.2. Roles of IL-13Rα1 and miR-21 in increased susceptibility to IAV infection in COPD.
COPD was induced in mice by nose-only exposure to CS for eight weeks. On the last day of smoke-exposure, some mice were
infected with 7.5 plaque forming unit (PFU) of the mouse-adapted IAV H1N1 A/PR/8/34. We observed increased levels of IL-13Rα1
and miR-21 that were associated with increased viral load, worsening disease features and exacerbation of the underlying chronic
lung disease. Inhibition of IL-13 and miR-21 levels using monoclonal anti-IL-13 antibody and Ant-21, respectively, reduced the viral
load and improved the associated disease features and exacerbation of the underlying chronic lung disease. Thus, we identified the
potential effectiveness of anti-IL-13 antibody and Ant-21 as potential therapeutic interventions to target increased susceptibility to
IAV infection in COPD.
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Thus, miR-125a/b and A20 and may be targeted therapeutically to inhibit
excessive inflammatory responses and enhance antiviral immunity in IAV
infections, particularly in COPD (Figure 5.3).

Collectively, our studies provide new evidence for IL-13, miR-21, miR125a and
b as promising targets of IAV infection management and therapy, particularly in
patients with asthma and COPD. At the same time, our observations provide a
platform for the expansion of ongoing studies in our laboratory. The results from
our in vivo study are being used to translate into ex-vivo influenza studies on
cells obtained from human donors by our clinical collaborators. Moreover,
extensions of this study are planned to further investigate the molecular
interactions between the identified biological targets including IL-13 and miR-21
and host immune responses. Further, translation of these findings in the clinical
settings would also be valuable. Figure 5.4 represents the overall findings of
this research.

5.3. FUTURE DIRECTIONS
In these studies we have elucidated the mechanisms underlying increased
susceptibility of IAV infection in AAD and COPD. Our studies uncovered
findings that can act as a scaffold to expand our research.

5.3.1. IAV infection in AAD
Our studies identified a novel IL-13/IL-13Rα1R/miR-21-dependent signalling
pathway that drives the pathogenesis/increased susceptibility to IAV infection in
AAD. However, it still warrants further investigations to address the biological
complexity at molecular and cellular levels. All our mechanistic studies were
performed using the Ova-induced AAD model. It would also be valuable to
further confirm and validate the findings of this study in other established AAD
models such as with HDM-induced AAD to validate our observations in different
settings.
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Figure 5.3. Roles of miR-125a and b in the regulation of inflammatory and
antiviral responses in IAV infection.
IAV infection in experimental COPD demonstrated increased levels of miR-125a and b,
subsequently, reducing the protein expression of A20 resulting in uncontrolled NF-κB
activation and thus exaggerated induction of pro-inflammatory cytokines. miR-125a and
b also targets and reduces MAVS and antiviral type I and III IFN production. Inhibition
of miR-125a and b enhances MAVS and antiviral responses and suppresses viral
infection[714].
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Figure 5.4. Roles of IL-13, IL-13Rα1 and miR-21, miR-125 and b in increased susceptibility to IAV infection in AAD and
COPD.
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AAD and experimental COPD were induced using Ova sensitisation and challenge or chronic CS exposure. On the last day of Ova
challenge or smoke exposure, some mice were infected with 7.5 plaque forming unit (PFU) of the mouse-adapted IAV H1N1
A/PR/8/34. We observed increased levels of IL-13/IL-13Rα1, miR-21 (via increased PI3K activity) that were associated with
increases in viral load, worsening of disease features and exacerbation of the underlying respective chronic lung disease. Also,
increased levels of miR-125a and b in COPD, reduced the protein expression of A20 that consequently induced uncontrolled NF-κB
activation leading to the exaggerated induction of pro-inflammatory cytokines. miR-125a and b also targeted and reduced levels of
MAVS and the production of antiviral type I and III IFNs. Inhibition of miR-125a and b enhanced MAVS and antiviral responses and
suppressed viral infection and replication probably by reducing inflammatory cytokines. Inhibition of augmented IL-13, miR-21,
PI3K, miR-125a and b using monoclonal anti-IL-13 antibody, Ant-21, PI3K inhibitor (LY294002), Ant-125a and b, respectively,
reduced the viral load, and improved associated disease features and exacerbation of the underlying chronic lung disease. We
assessed and demonstrated the effectiveness and therapeutic potential of targeting these various biological/regulatory signalling
molecules identified in our study to manage increased susceptibility to IAV infection in AAD and COPD.
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We also performed a study that demonstrated ongoing remodelling in response
to an allergen rechallenge in infected mice with AAD. This remodelling was
characterised by excessive mucus and collagen production together with
dexamethasone insensitivity.

These observations are in agreement with previously published literature that
report the poor control of asthma symptoms in patients with severe asthma
prescribed long acting inhaled β2 agonists and high dose corticosteroids[399,
400, 492-495]. Further in depth investigations are required to elucidate the
detailed mechanisms and kinetics involved in the dexamethasone resistance
and remodelling events. Epithelial-mesenchymal transition (EMT) has been
proposed to be one of the potential mechanisms contributing to the airway
remodelling[715, 716]. We have recently shown that EMT occurs in our model
of COPD (unpublished data). Our mechanistic studies lack an extensive
investigation involving various antiviral responses and their direct or indirect
interactions with various regulatory targets identified in the present study. For
instance, it would be worth investigating interactions between various IFNs and
increased IL-13 levels in AAD and how they regulate susceptibility of AAD
patients to IAV infection. This would open avenues to understand the
mechanisms contributing to the impairment of IFNs responses during the IAV
infection in AAD. It has been reported that miR-21 regulates the expression of
PI3K by associating with PTEN[586, 717, 718], which subsequently negatively
regulates Akt signalling[719]. Our laboratory has demonstrated that the negative
regulation of PI3K/Akt signalling can significantly improve the infection
outcomes of IAV infection in COPD[143]. This mechanistic understanding could
be extended on in our AAD models where we have shown roles for increased
miR-21 expression in promoting susceptibility to IAV infection in COPD. This
may provide alternative targets for managing this disease. Also, proteomics
approaches could be pursued to assess the targets of miR-21 in these
situations, and to further validate our observations obtained at transcription
level. As we demonstrated increases in the levels of IL-33 in sham-inoculated
and infected mice with AAD together with increased fibronectin and collagen it
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would be valuable to pursue the effects dexamethasone and miR-21 antagomirs
on IL-33 levels in the AAD animal models.

As many viral-induced exacerbations of asthma occur in children[539, 720-722],
our study identifies therapeutic approaches that could be beneficial in the
paediatric population. We can investigate this by extending our study from adult
mice to also include neonatal and infant AAD mouse models. This would also
examine whether there are different mechanisms of susceptibility at different
stages of life.

5.3.2. IAV infection in COPD
Our findings suggest that elevated miR-21 expression in COPD, may contribute
to the impairment of host antiviral responses. Therefore, further studies need to
be performed that investigate various host antiviral responses and their
interactions with elevated miRs identified in our studies. This may help in
defining the possible epigenetic alterations in miR-21 or IFN pathways. Novel
findings from our studies may further expand our understanding of how
underlying COPD increases susceptibility to IAV infection. Also, it would be
interesting to assess IL-33 as a potential target in COPD and investigate the
effect of dexamethasone, miR-21 and miR-125a and b antagomirs on IL-33
levels in the COPD animal models.

All these studies will further strengthen our in vivo work and highlight the
importance of IL-13, IL-13Rα1, miR-21, 125a and b as potential therapeutic
targets.

While we show promising findings experimentally, we have yet to explore some
of these in human tissues. This will be the next critical step to take these
promising findings to and translating them to human disease.

5.4. CONCLUSIONS
Our studies have furthered the understanding of the effects of IAV infection in
chronic lung diseases (AAD and COPD). Our HDM model of virus-induced
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asthma exacerbation has translational value as it replicates aspects of HDMinduced exacerbations of asthma in humans. Also, using experimental in-vivo
mouse models, we have identified various specific factors such as miRs and IL13 that are involved in increasing the susceptibility to IAV infection and
exacerbation of the respective underlying chronic respiratory disease. This is
the first study that defines functional relevance of IAV infection-induced
activation and maintenance of a novel IL-13/IL-13Rα1/miR-21 and IL13Rα1/miR-21 axis in AAD and COPD, respectively. However, to understand
whether

IAV,

OVA

and

smoke

exposure

induce

miR-21

expression

independently of IL-13/IL-13Rα1, it would require further investigations using
transgenic and knock-out mice. All these factors (IL-13, miR-21, miR-125a and
b) promote increases in viral titre and inflammation in the respective diseases.
Inhibition of these factors subsequently supressed IAV infection and disease
pathology and exacerbation. These approaches possess the potential of being
novel and effective therapeutic interventions to manage chronic respiratory
diseases. These outcomes of our study suggest an association between IAV
infection and airway inflammation that might be one of the mechanisms driving
susceptibility of IAV infection in asthma and COPD.
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Influenza A virus (IAV) infections lead to severe inflammation in the airways. Patients with chronic
obstructive pulmonary disease (COPD) characteristically have exaggerated airway inflammation
and are more susceptible to infections with severe symptoms and increased mortality. The
mechanisms that control inflammation during IAV infection and the mechanisms of immune
dysregulation in COPD are unclear. We found that IAV infections lead to increased inflammatory
and antiviral responses in primary bronchial epithelial cells (pBECs) from healthy nonsmoking and
smoking subjects. In pBECs from COPD patients, infections resulted in exaggerated inflammatory
but deficient antiviral responses. A20 is an important negative regulator of NF-κB–mediated
inflammatory but not antiviral responses, and A20 expression was reduced in COPD. IAV infection
increased the expression of miR-125a or -b, which directly reduced the expression of A20 and
mitochondrial antiviral signaling (MAVS), and caused exaggerated inflammation and impaired
antiviral responses. These events were replicated in vivo in a mouse model of experimental COPD.
Thus, miR-125a or -b and A20 may be targeted therapeutically to inhibit excessive inflammatory
responses and enhance antiviral immunity in IAV infections and in COPD.
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Influenza A viruses (IAVs) are among the most important infectious human pathogens that cause enormous
morbidity and mortality worldwide. This largely results from seasonal influenza, but an important feature of
the biology of IAVs is the frequent emergence of novel pandemic strains/subtypes. Infections cause symptoms ranging from mild to severe viral pneumonia, with uncontrolled inflammation in the airways.
Bronchial epithelial cells (BECs) are the primary site of IAV infection, and innate immune responses
produced by these cells are important in the early protection against the viruses (1, 2). During infection,
viral RNAs are recognized by TLR3 and retinoic acid-inducible gene-I (RIG-I). Upon binding of TLR3 to
viral RNAs, signalling pathways are initiated that activate receptor interacting protein 1 (RIP1) by ubiquitination. Activated RIP1 indirectly phosphorylates IκBα, leading to the release of active p65 and p50
subunits of NF-κB into the nucleus, where they induce the transcription of inflammatory genes including
cytokines such as IL-6, TNF-α, and IL-1β and chemokines such as CXC chemokine ligand-8 (CXCL-8/
IL-8) (3–5). These inflammatory cytokines recruit immune cells, in particular macrophages and neutrophils, to the site of infection that phagocytose pathogens and apoptotic cells (6, 7). RIG-I interacts with
mitochondrial antiviral-signaling protein (MAVS), which activates interferon regulatory factor 3 (IRF3) by
phosphorylation. Activated IRF3 then translocates into the nucleus, where it initiates the production of
type I and III IFNs (8, 9). These innate cytokines induce the transcription of over 300 IFN-stimulated genes
(ISGs), including the Mx1 protein that disrupts virus replication (10).
The control of inflammation is critical to achieving optimal inflammatory responses that clear viruses
without excessive damage to host tissues and airways. We have previously shown that A20, also known
as TNF-α–inducing protein 3 (TNFAIP3), is a negative regulator of NF-κB–mediated inflammation that
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functions by targeting RIP1 for degradation, and therefore suppresses NF-κB activation (11–14). MicroRNAs (miRNAs) are another important class of immune signaling regulators that silence gene expression
by degradation (15). miR-125a and -b have recently been shown to directly inhibit A20, leading to increased
NF-κB activation (16). It is currently unknown if A20 or miR-125a or -b regulates type I and III IFNs
during IAV infections.
Chronic obstructive pulmonary disease (COPD) is the third leading cause of illness and death globally
and is characterized by progressive airway inflammation, emphysema, and reduced lung function (17).
The most important risk factor for COPD in Western societies is cigarette smoking (18). COPD patients
have increased susceptibility to IAV infections that cause acute exacerbations and result in more severe
symptoms, disease progression, and increased mortality (19–21). Current therapeutics remain limited to
vaccination and antiviral drugs. These have major issues with the constant need for developing new vaccines. COPD patients respond poorly to vaccination, as IAVs have become drug resistant and all therapeutics have questions surrounding availability and efficacy in future pandmics (22, 23). There is therefore an
urgent need to develop novel therapeutics for influenza, especially for those most susceptible to infection.
Despite inflammatory signalling pathways being well characterized, the mechanisms underlying the
exaggerated inflammatory responses to IAV, including in COPD, are unclear. It is known that increased
NF-κB activation is elevated in biopsies from COPD patients (24). We have previously shown that human
influenza H3N2 infection induced heightened inflammatory responses (25), and high pathogenic avian
H5N1is known to induce severe cytokine storms in the lung (9, 26). We also showed that primary BECs
(pBECs) from COPD subjects and our established in vivo model of experimental COPD have increased
inflammatory and impaired antiviral responses to IAV infections, leading to more severe infection (27–29).
Furthermore, miRNAs are known to be altered in COPD (30, 31). However, the molecular mechanisms
underpinning the heightened inflammatory response in IAV infections and defective immune responses
in COPD remain unclear. In this study, we investigated the mechanisms involved using our established
experimental systems (27, 32–34). We found that COPD pBECs and mice with experimental COPD
infected with IAV have higher levels of inflammatory cytokines but reduced antiviral responses (30, 35).
We uncovered that NF-κB–mediated inflammation in IAV infection and in COPD was also exaggerated
and resulted from decreased levels of A20 protein, which in turn was caused by elevated levels of miR125a or -b. Treatment with specific antagomirs against miR-125a or -b reduced NF-κB activation but also
increased type I and III IFN production and suppressed infection. We then found that miR-125a and -b
directly target MAVS 3′-UTR, thereby suppressing the induction of type I and III IFNs. This study therefore discovers an miR-125–mediated pathway that reduces A20 and MAVS, promotes excessive inflammation, and increases susceptibility to IAV infection in COPD. It also identifies potential therapeutic options
that reduce IAV-mediated inflammation and reverse immune signaling abnormalities in COPD.
Some of the data has been previously reported in abstract form (36).

Results
IAV infection induces increased inflammatory but reduced antiviral responses ex vivo in human COPD pBECs. pBECs
from healthy nonsmoking control subjects, COPD patients (ex-smoker), or smoking (smoker) controls were
infected with IAV H3N2 or H1N1 (MOI 5). Virus replication was measured 24 hours after infection. Virus
titers increased at 24 hours (Figure 1A) and were 2-fold greater in COPD pBECs compared with controls.
Infection resulted in the production of the proinflammatory cytokines/chemokines IL-6, CXCL-8, TNF-α,
and IL-1β and antiviral cytokines type I (IFN-β) and type III interferons (IFN-λ1) (Figure 1B). In COPD,
the induction levels of cytokines were substantially higher (2.5–10 fold) compared with healthy control and
smoker pBECs (Figure 1B). In contrast, the induction of IFN-β and IFN-λ1 proteins were reduced in COPD.
We then measured the levels of activity of NF-κB by assessing the levels of phosphorylated p65 (phospho-p65) at Ser536 (35, 37, 38). Infection significantly increased the activation of phospho-p65 in both healthy
and smoker pBECs at 6 hours, which was further increased at 24 hours (Figure 1C and Supplemental Figure
1A; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.90443DS1).
In COPD pBECs, the protein levels of phospho-p65 was elevated at baseline (media controls) at 6 hours and
significantly increased with infection at 24 hours compared with healthy and smoker controls.
IAV infection also induces increased inflammatory but reduced antiviral responses in vivo in experimental
COPD. We then demonstrated these events also occur in vivo. BALB/c mice were exposed to either
normal air (Air) or cigarette smoke (Smk) for 8 weeks. The Smk group develops hallmark features of
insight.jci.org   https://doi.org/10.1172/jci.insight.90443
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Figure 1. IAV infection is more severe and results in exaggerated inflammatory but impaired antiviral responses in
pBECs from patients with COPD. pBECs from healthy controls, COPD patients, and healthy smokers were infected with
human IAV H3N2 or H1N1, and (A) virus replication was measured at 24 hours. (B) Proinflammatory cytokines/chemokines IL-6, CXCL-8, TNF-α, and IL-1β and antiviral cytokines IFN-β and IFN-λ1 were measured in culture supernatants at
24 hours. (C) Phospho-p65 was assessed at 6 hours and 24 hours, and densitometry results (from Supplemental Figure
1A, representative immunoblot) were calculated as phospho-p65/GAPDH ratios and expressed as fold change from
healthy media control. Data are mean ± SEM, n = 15 (healthy controls and COPD patients) or 5 (healthy smokers). *P ≤
0.05 versus respective uninfected media control, +P ≤ 0.05 versus infected or uninfected healthy controls. Statistical
differences were determined with one-way ANOVA followed by Bonferroni post-test.

COPD as previously described (27, 28, 32–35, 39). Mice were then infected with IAV A/PR/8/34, and
viral titers, airway inflammation (histopathological score), and inflammatory and antiviral cytokines
were determined at 7 days postinfection (dpi) (Figure 2A). Infection in Air-exposed controls leads to
virus replication (Figure 2B) that was accompanied by significant airway inflammation (histopathological score, Supplemental Figure 1B). Infection in Smk-exposed mice resulted in a significantly higher
insight.jci.org   https://doi.org/10.1172/jci.insight.90443
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Figure 2. IAV infection is more severe and results in
exaggerated inflammatory and impaired antiviral
responses in experimental COPD. (A) BALB/c mice
were exposed to cigarette smoke (Smk) or normal air
(Air) for 8 weeks, infected with IAV H1N1 (A/PR/8/34,
8 pfu) or media (Sham) on the last day of smoke
exposure, and sacrificed 7 days postinfection (dpi). (B)
Virus titers were measured in bronchoalveolar lavage
fluid. (C) IL-6, KC, TNF-α, and IL-1β and (D) IFN-β
and IFN-λ3 were assessed in lung homogenates.
(E) Phospho-p65 protein was determined in lung
homogenates. Densitometry results (from Supplemental Figure 1D, representative immunoblot) were
calculated as phospho-p65 or IFN-β/β-actin ratios
and expressed as fold change from Air sham control.
Data are mean ± SEM, n = 6–8 per group. *P ≤ 0.05
versus Sham control, +P ≤ 0.05 versus Air control.
Statistical differences were determined with one-way
ANOVA followed by Bonferroni post-test.

virus titer (4-fold) and airway histopathological score (3-fold) compared with Air-exposed mice. In support of these data, the levels of the proinflammatory cytokines/chemokines IL-6, KC (mouse equivalent
of CXCL-8), TNF-α, and IL-1β were also increased by infection in Air-exposed groups and to a greater
extent in Smk-exposed groups (Figure 2C). Antiviral cytokines were increased in infected Air-exposed
controls but were either not induced (IFN-β) or were induced to a much reduced level (IFN-λ3) in infected Smk-exposed groups (Figure 2D). The exaggerated release of proinflammatory cytokines was associated with significantly increased levels of phospho-p65 protein in infected Smk-exposed compared with
Air-exposed controls (Figure 2E and Supplemental Figure 1C). In all experiments, ultraviolet-inactivated
virus did not have any effects compared with media controls (data not shown).
Taken together, these human ex vivo and experimental in vivo data demonstrate that IAV infections result
in increased airway inflammation and proinflammatory and antiviral responses. However, COPD is associated with exaggerated inflammation and reduced antiviral responses, leading to increased virus replication.
A20 is an important negative regulatory of NF-κB–mediated inflammatory but not antiviral responses, and
its expression is reduced in human COPD and experimental COPD. We have previously shown that A20 is an
important negative regulator of NF-κB activation (11–14), but its roles during IAV infection and whether it
also regulates the induction of type I and III IFNs is unclear. We hypothesized that A20 protein expression
would be downregulated and would contribute to the increased activation of NF-κB in response to IAV
infection in COPD. IAV infection led to a significant induction of A20 protein at 6 hours and 24 hours in
healthy and smoker controls, but this increase was impaired in COPD pBECs (Figure 3A and Supplemental Figure 2A). Similarly in Smk-exposed mice, A20 protein expression was reduced in airway epithelial
cells compared with Air-exposed controls (Supplemental Figure 2B).
We then investigated if A20 was important in NF-κB–mediated inflammatory responses and if exaggerated p65 activation was the direct result of reduced A20 protein levels during infection in COPD pBECs.
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Figure 3. A20 expression is reduced and negatively regulates inflammatory but not antiviral responses in pBECs from patients with COPD. (A) pBECs were
infected with human IAV H3N2 or H1N1, and the protein levels of A20 were determined at 6 hours and 24 hours. Densitometry results (from Supplemental
Figure 2A, representative immunoblot) were calculated as A20 or phospho-p65/GAPDH ratios and expressed as fold change from healthy media control.
Data are mean ± SEM, n = 15 per group. *P ≤ 0.05 versus respective uninfected media control, +P ≤ 0.05 versus healthy control. A20 expression was inhibited
with a specific siRNA, pBECs were infected with IAVs, and protein levels of (B) A20; (C) phospho-p65; (D) cytokines/chemokines IL-6, CXCL-8, TNF-α, and
IL-1β; and antiviral (E) IFN-β and IFN-λ1 were measured 24 hours later. Densitometric ratios (from Supplemental Figure 2C, representative immunoblot) were
expressed as fold change from untreated media control. Data are mean ± SEM, n = 3 per group. *P ≤ 0.05 versus untreated, uninfected media control, +P ≤
0.05 versus untreated infected or uninfected control. Statistical differences were determined with one-way ANOVA followed by Bonferroni post-test.

We inhibited A20 expression using A20-specific siRNA 24 hours before infection and measured the activation of p65 and the production of proinflammatory cytokines/chemokines 24 hours after infection. Inhibition of A20 expression (Figure 3B and Supplemental Figure 2C) resulted in significant increases in the
protein levels of phospho-p65 (Figure 3C and Supplemental Figure 2C) and proinflammatory cytokines/
chemokines IL-6, CXCL-8, TNF-α, and IL-1β (Figure 3D) compared with untreated controls, whether
pBECs were infected or not. Conversely, ectopic expression (ecto-expression) using a pcDNA-A20 expression vector reduced the phosphorylation of p65 (Supplemental Figure 2D). Nevertheless, inhibition or
ecto-expression of A20 did not affect IFN-β and IFN-λ1 induction (Figure 3E and Supplemental Figure
2D). siRNA negative control or control vector did not affect the induction of A20 or phospho-p65 protein
(Supplemental Figure 2, E and F).
Collectively, these data indicate that A20 is an important negative regulator of NF-κB but is dispensable in the induction of type I and III IFNs. A20 protein expression is dysregulated in COPD.
Elevated miR-125a and -b levels decrease A20 levels, increase inflammation and impair antiviral responses in
COPD pBEC and experimental COPD. miR-125a and -b have recently been shown to directly target and inhibit A20 expression (16), but their roles during IAV infection and in COPD are unknown. Thus, we measured
the levels of miR-125a and -b induced by IAV infection. H3N2 and H1N1 infections resulted in significant
increases in the levels of these miRNAs at 24 hours in pBECs from all groups (Figure 4A). However, their
levels were substantially greater at baseline and during infection (2- to 4-fold) in COPD pBECs compared
with healthy controls. We then confirmed the direct link between increased miR-125a and -b levels and
insight.jci.org   https://doi.org/10.1172/jci.insight.90443
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Figure 4. IAV infection increases the levels of miR-125 and -b that suppress the production of A20, increase inflammatory responses, and reduce
antiviral responses in human COPD pBECs and experimental COPD. pBECs were infected with human IAV H3N2 or H1N1, and (A) miR-125a and -b
levels were assessed at 24 hours. Data are mean ± SEM, n = 15 per group. *P ≤ 0.05 versus uninfected media control, +P ≤ 0.05 versus healthy or smoker
control. (B) pBECs were treated with miR-125a or -b antagomir and were infected, and the levels of A20, phospho-p65, IFN-β, and IFN-λ1 were assessed.
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Densitometry results (Supplemental Figure 3B, representative immunoblot) were calculated as A20 or phospho-p65/GAPDH ratios and expressed as fold
change from untreated, uninfected control. Data are mean ± SEM, n = 3 per group. *P ≤ 0.05 versus untreated, uninfected media control; +P ≤ 0.05 versus
untreated infected or uninfected group. (C) BALB/c mice were exposed to cigarette smoke (Smk) or normal air (Air) for 8 weeks, inoculated with IAV H1N1
(A/PR/8/34, 8 pfu) or media (Sham) on the last day of smoke exposure, and sacrificed 7 days postinfection (dpi). The levels of miR-125a and -b were
measured. Data are mean ± SEM, n = 6–8 per group. *P ≤ 0.05 versus Sham group, +P ≤ 0.05 versus Air-infected or uninfected group. (D) In other groups,
on the last day of smoke exposure, mice were treated with miR-125a or -b antagomir alone or in combination and infected with IAV, and (E) airway histological scores were assessed. Data are mean ± SEM, n = 6–8 per group. *P ≤ 0.05 versus infected and scrambled treated Air controls, +P ≤ 0.05 versus
infected and scramble-treated Smk group. (F) The protein levels of A20, phospho-p65, and IFN-β in lung homogenates were also measured. Densitometry results (Supplemental Figure 4D) were calculated as A20 or phospho-p65/β-actin ratios and expressed as fold change from untreated, uninfected
control. Data are mean ± SEM, n = 6–8 per group. *P ≤ 0.05 versus infected scrambled-treated Air group, +P ≤ 0.05 versus infected scrambled Smk group.
Statistical differences were determined with one-way ANOVA followed by Bonferroni post-test.

reduced A20 protein induction using specific antagomirs and mimetics. pBECs were pretreated with either
miR-125a or -b specific antagomirs or mimetics for 24 hours before infection, and A20, phospho-p65,
inflammatory, and antiviral cytokines were assessed 24 hours after infection. Antagomir treatment inhibited miR-125a or -b expression (Supplemental Figure 3A), and this resulted in significant increases in A20
protein production, reduced phosphorylation of p65, subsequent induction of proinflammatory cytokines/
chemokines, and enhanced antiviral IFN-β and -λ1 responses (Figure 4B and Supplemental Figure 3, B–E)
compared with untreated controls. Conversely, miR-125a or -b mimetics decreased A20 protein induction,
increased phospho-p65protein levels, and reduced IFN-β responses (Supplemental Figure 3F). Treatment
with scrambled miRNA or mimetic controls did not affect A20, phospho-p65, or IFN-β production (Supplemental Figure 3, G and H).
We then assessed whether similar events occurred in vivo. IAV infection significantly increased the
levels of miR-125a and -b in both groups, with the levels in Smk group significantly higher compared with
Air-exposed controls (Figure 4C). We then inhibited miR-125a or -b before and during infection (Figure
4D). We also extended the ex vivo data by inhibiting both miR-125a and -b together. Treatment with miR125a or -b antagomir, alone or in combination, reduced histopathological scores (Figure 4E and Supplemental Figure 4A) and improved lung function (reduced lung volume determined during a pressure-volume
loop maneuver) in Air- and Smk-exposed groups compared with infected scrambled antagomir-treated
controls (Supplemental Figure 4B). Inhibition of miR-125a, -b, or -a and -b, also increased A20 protein
expression in the airway epithelium and decreased the levels of phospho-p65 compared with the controls
(Figure 4F and Supplemental Figure 4, C and D). Importantly, while we could only detect reductions in
TNF-α and KC with combined treatment (Supplemental Figure 4E), antagomir treatment, either alone or
in combination, also significantly increased IFN-β and IFN-λ3 protein induction (Figure 4F and Supplemental Figure 4D).
Collectively, these data show that miR-125a and -b are directly involved in the regulation of both
inflammatory cytokines — through the control of A20 — and antiviral cytokine production through an
unknown target.
miR-125a and -b target MAVS. To determine the mechanism of miR-125a– and -b–mediated regulation
of antiviral IFN-β/λ, we performed miRNA prediction analysis using TargetScan (www.targetscan.org).
miR-125a and -b have a putative binding site in the 3′-UTR of human and mouse MAVS (Figure 5, A
and B). To examine these putative interactions, we first assessed the protein levels of MAVS in pBECs.
MAVS protein levels were significantly increased 24 hours after IAV infection in healthy control and smoker pBECs, but notably not in COPD pBECs Figure 5C and Supplemental Figure 5A). Similarly, infection
in Smk-exposed mice was also associated with significantly impaired production of MAVS compared with
infected Air-exposed controls at 7 dpi (Figure 5D and Supplemental Figure 5B).
To confirm the potential interaction of miR-125a or -b and MAVS, we cloned the putative binding
region of miR-125a and -b in WT (MAVS-WT) or mutant (MAVS-MT) MAVS 3′-UTR into a luciferase
reporter construct. The construct was cotransfected into HEK293 cells along with miR-125a or -b mimetics,
or scrambled controls, and then luciferase activity was assessed. Cotransfection of miR-125a or miR-125b
mimetics with MAVS-WT resulted in a significant decrease in luciferase activity compared with scrambled
controls (Figure 5E). There was no reduction in activity with cotransfection with MAVS-MT. We then determined if MAVS gene is present with the miR-125a or -b mimetics in the silencing complex. To do this, we
immunoprecipitated Argonaute 2 (Ago2), a core component of RNA-induced silencing complex (RISC)
that binds to the miRNAs and their target mRNA, with a specific antibody and detected the presence of both
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Figure 5. miR-125a and -b target a functional binding site of the 3′-UTR of the mRNA of MAVS to suppress its expression. (A) Representation of
MAVS gene structure and location of miR-125a and -b binding site. (B) The binding site on 3′-UTR of MAVS is 100% conserved between human and
mouse MAVS. (C) pBECs were infected with H3N2 or H1N1, and MAVS protein was detected at 6 hours (left) and 24 hours (right). Densitometry results
(Supplemental Figure 5A, representative immunoblot) were calculated as MAVS/GAPDH ratios and expressed as fold change from untreated, uninfected controls. Data are mean ± SEM, n = 15 per group. *P ≤ 0.05 versus uninfected healthy or smoker controls, +P ≤ 0.05 versus infected or uninfected healthy controls. (D) BALB/c mice were exposed to cigarette smoke (Smk) or normal air (Air) for 8 weeks, inoculated with IAV H1N1 (A/PR/8/34,
8 pfu) or media (Sham) on the last day of smoke exposure, and sacrificed 7 days postinoculation (dpi). The levels of MAVS protein were measured in
lung homogenates. Densitometry results (Supplemental Figure 5B, representative immunoblot) were calculated as MAVS/β-actin ratios in mouse
and expressed as fold change from untreated, uninfected controls. Data are mean ± SEM, n = 6 per group. *P ≤ 0.05 versus Sham-treated controls,
+
P ≤ 0.05 versus infected Air controls. (E) The miR-125a and -b binding site on 3′-UTR was cloned into a pMIR luciferase reporter construct and transfected into HEK293 cells with miR-125a or -b mimetics. The luciferase reporter assay was performed to determine binding. Data are mean ± SEM, n
= 3 per group.*P ≤ 0.05 versus miRNA scrambled controls. (F) Ago2 was immunoprecipitated from miR-125a or -b mimetic-transfected HEK293, and
(G) A20 and MAVS mRNA was detected by qPCR in Ago2-immunoprecipitate. Data are mean ± SEM, n = 3 per group. *P ≤ 0.05 versus IgG control IP.
Statistical differences were determined with one-way ANOVA followed by Bonferroni post-test.
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Figure 6. miR-125a and -b suppress the induction of MAVS and promote virus replication in human COPD pBECs and experimental COPD. (A) miR-125a
and -b antagomir or mimetics were added to pBECs before infection with human IAV H3N2 or H1N1, and mitochondrial antiviral signaling (MAVS) protein
were assessed 24 hours after infection. Densitometry results (Supplemental Figure 6A, representative immunoblot) were calculated as MAVS/GAPDH
ratios and expressed as fold change from untreated, uninfected controls. Data are mean ± SEM, n = 3. *P ≤ 0.05 versus untreated, uninfected media
controls; +P ≤ 0.05 versus untreated, infected or uninfected controls. (B) Virus replication was also measured. Data are mean ± SEM, n = 3. *P ≤ 0.05 versus
untreated, infected controls. (C) BALB/c mice were exposed to cigarette smoke (Smk) or normal air (Air) for 8 weeks, treated with mir125a and/or -b antagomir, infected with IAV H1N1 (A/PR/8/34, 8 pfu) or media (Sham) on the last day of smoke exposure, and sacrificed 7 days postinoculation (dpi). MAVS
protein was measured. Densitometry results (Supplemental Figure 6C, representative immunoblot) were calculated as MAVS/β-actin ratios and expressed
as fold change from untreated, uninfected controls. Data are mean ± SEM, n = 6. *P ≤ 0.05 versus infected, scramble treated Air or Smk controls. (D) Virus
replication was assessed. Data are mean ± SEM, n = 6. *P ≤ 0.05 versus infected, scramble-treated controls. Statistical differences were determined with
one-way ANOVA followed by Bonferroni post-test.

A20 and MAVS by qPCR, which could not be detected with immunoprecipitation with IgG control (Figure
5, F and G). This confirmed that miR-125a and -b directly bind to the endogenous 3′-UTR of MAVS.
miR-125a and -b targeting of MAVS regulates antiviral responses in COPD pBEC and experimental COPD. We
then investigated whether inhibition of miR-125 has a functional outcome. We showed that miR-125a and
-b antagomir treatment led to significant increases in MAVS (Figure 6A and Supplemental Figure 6, A
and B), IFN-β, and IFN-λ1 protein induction (Figure 4B and Supplemental Figure 3C) and reduced viral
replication in both healthy and control pBECs (Figure 6B). In contrast, mimetics suppressed the induction
of antiviral cytokines and increased virus titers (Supplemental Figure 3F). Similarly in Smk-exposed mice,
inhibition of miR-125a, -b, or -a and -b resulted in increased induction of MAVS (Figure 6C and Supplemental Figure 6C), IFN-β, and IFN-λ3 (Figure 4F and Supplemental Figure 4, D and E) and inhibited virus
replication (Figure 6D).
Collectively, these data demonstrate that miR-125a and -b negatively regulate MAVS expression, suppress the induction of IFN-β/λ, and may potentially be targeted therapeutically in the prevention and/or
treatment of IAVs and COPD.

Discussion
Here, we discovered that IAV infections induce airway inflammation and antiviral responses; however,
in COPD, pBECs and experimental COPD inflammatory responses and activation of NF-κB are exaggerated, but antiviral responses are impaired. We show that A20 is a negative regulator of NF-κB–mediated induction of inflammatory but not antiviral cytokines and that A20 protein levels were impaired in
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Figure 7. Roles of miR-125a and -b in the regulation of
inflammatory and antiviral responses in IAV infection.
Increased levels of miR-125a and -b, for example in COPD,
reduce the protein expression of A20 that results in uncontrolled NF-κB activation, leading to exaggerated induction
of proinflammatory cytokines. miR-125a and -b also target
and reduce MAVS and antiviral type I and III IFN production.
Inhibition of miR-125a and -b enhances MAVS and antiviral
responses, and it suppresses viral infection.

COPD. The impaired induction of A20 and antiviral responses in COPD were attributed to increased
expression of miR-125a and -b. Elevated levels of
these miRNAs suppressed A20 expression, leading
to heightened NF-κB activity and inflammation and
reduced antiviral responses. Inhibition with miR125a and -b antagomirs increased A20 levels and
reduced NF-κB activity, and also promoted IFN
production. We then demonstrated that miR-125a
and -b modulated IFN induction by targeting MAVS
translation. MAVS protein levels were reduced in
COPD but could be increased with specific miR125a and -b antagomir treatment that also induced IFN production. Thus, IAV infection induces the
expression of miR-125a or -b that suppresses A20 and MAVS, in turn promoting NF-κB–induced
inflammation and attenuating antiviral IFN production, respectively, increasing viral replication. All
these events are exaggerated in COPD (Figure 7).
IAV is a major infectious pathogen that poses serious health concerns worldwide. Infections, particularly with highly pathogenic influenza viruses, cause severe airway inflammation and a cytokine
storm with high morbidity and mortality. COPD is a major global health problem that is underpinned by
exaggerated inflammatory responses in the airways (40). IAV infections frequently result in acute exacerbations of COPD, leading to accelerated declines in lung function (41, 42) and increased mortality (20).
The mechanisms of exaggerated inflammation and severe outcomes in COPD are poorly understood,
and there are no effective therapies for these events.
Here, we show that IAV-mediated inflammatory response are dampened with ectopic expression
of A20 that reduces NF-κB activity and inflammatory responses, without affecting type I and III IFN
responses. A20 is a deubiquitinating enzyme that degrades RIP1, inhibits NF-κB activation (13), and
has been shown to suppress the induction of IFN-β (43). We found that A20 modulated NF-κB activity
and inflammation, but it did not affect type I and III IFNs production.
Consistent with our previous findings (27), IAV infections in COPD pBECs and experimental
COPD led to heightened inflammation and production of inflammatory cytokines but impaired antiviral responses (IFN-β and IFN-λ), which were associated with greater viral replication. Increased inflammation, inflammatory cytokines, and activation of NF-κB are well known in COPD (24, 44). Here,
we show that these are the result of reduced induction of A20, leading to uncontrolled activation of
NF-κB and subsequent induction of inflammatory cytokines. A20 is a pleiotropic protein involved in
various ubiquitin-dependent pathways, including NF-κB (16) and MAPK pathway (45), and has also
been shown to negatively regulate type I IFN inductions (43, 46, 47). Surprisingly, inhibition or ectopic
expression of A20 did not affect IFN-β production. The precise roles of A20 during viral infections,
therefore, require further investigation. We could not rule out that other factors may also contribute to
the regulation of A20 expression and of NF-κB activity, including other unidentified miRNAs, which
may also be dysregulated in COPD.
Forced expression of A20 may be a novel therapeutic option that reduces IAV-mediated inflammation
and cytokine storm, particularly from high pathogenic IAVs, such as H5N1, or in COPD where airway
inflammation is already persistently heightened.
The lack of the induction of A20 protein during IAV infection in COPD was attributed to increased
levels of miR-125a and -b. These miRNAs downregulate A20 expression by directly binding to its 3′-UTR,
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Table 1. Subject characteristics
n
Sex (male/female ratio)
Mean age (SD)
Mean FEV1 (SD)A
FEV1/FVC ratio (SD)A
Cigarette (packs/year; SD)
Years abstinent (SD)
ICS (percent treated)

Healthy

COPD

Smoker

P value

15
1.14
62 (9.9)
105% (13.5)
886 (14.50)
0
0
0

15
1.2
68 (4.1)
40% (7.75)
40.20 (13.50)
53.70 (15.90)
13.0 (4.64)
Seretide (10%)
Spiriva (10%)
Tiotropium (10%)
Spiriva/Salbutamol (10%)
Seretide/Tiotropium (20%)
Seretide/Tiotropium/Ventolin (20%)
Seretide/Spiriva/Ventolin (20%)

5
1.5
64.33 (12.82)
97.66% (12.66)
77.80 (12.28)
30 (17.32)
0
0

NA
P = 0.6
P = 0.06
P < 0.001
P < 0.001
P < 0.001
NA
NA

FEV1 and FEV1/FVC ratios are % predicted values. FEV1 is the forced expiratory volume in 1s expressed as a percentage of the predicated value. FVC is
forced vital capacity. The statistical analysis used was ANOVA for multiple groups. NA, not applicable.
A

leading to constitutive activation of NF-κB (16). We found that heightened levels of miR-125a or -b resulted
in increased activation of NF-κB in COPD. Inhibition of miR-125a or -b in both healthy and COPD pBECs
and in experimental COPD increased A20 protein levels and reduced NF-κB activation during IAV infection.
We also found that miR-125a and -b modulated the induction of type I and III antiviral IFNs. This
occurred by the direct targeting of MAVS 3′-UTR, therefore downregulating the subsequent induction of
IFN-β and IFN-λ. MAVS is an important adaptor protein on mitochondria that facilitates the production
of IFNs (8); however, there was an impaired induction of MAVS by IAV infections in COPD pBECs and
in experimental COPD. Inhibition of miR-125a and/or -b increased the levels of MAVS and antiviral
IFNs, which led to reduced virus replication both in vivo and in vitro. Interestingly, antagomirs against
miR-125a and/or -b in experimental COPD partially reduced the release of inflammatory cytokines and
substantially suppressed virus replication. This may indicate that miR-125a and -b may preferentially
target MAVS over A20 during IAV infection in COPD, although such binding preferences of miRNAs
have not been widely investigated. Furthermore, as MAVS is transcriptionally driven by IFN-sensitive
response element (ISRE) as part of the ISGs (48), and miR-125a or -b have been reported to be induced by
NF-κB (49), it is possible that reduced MAVS partly attributed to impaired IFNs in COPD; with enhanced
expression of miR-125a or -b (NF-κB–inducible), this then leads to a continuous cycle of exaggerated
inflammation and impaired antiviral immunity in COPD.
Although miR-125a or -b appear to be NF-κB inducible, the exact molecular mechanisms of enhanced
miR-125a or -b expression in COPD require further investigation. In colorectal cancer tissues, the levels of
miR-125a have been shown to be reduced, which is associated with hypermethylation at the CpG island within the promoter region of miR-125a (50). Similarly, in breast cancer cell lines, reduced miR-125a has also been
shown to be associated with trimethylation at H3K9 and H3K27 at the promoter region of miR-125a (51). It
is therefore possible that the methylation status of miR-125a or -b promoter site is altered in COPD, leading
to increased expression of miR-125a or -b. Nevertheless, our data also demonstrate that specific inhibition of
miR-125a or -b may be a novel therapeutic option against IAV infections and for those most vulnerable.
Cigarette smoke is the major risk factor for COPD. Acute exposure results in oxidative stress and NF-κB
activation (52–54). However, the effects we have observed in COPD appear to be independent of acute exposure to cigarette smoking, as the pBECs obtained from subjects with COPD were all abstinent from smoking
for at least 10 years. It is likely that chronic exposure progressively leads to persistent induction of miR-125a
and -b and NF-κB activation (55, 56), which then reduces the induction of A20 and MAVS in COPD.
Collectively, our results demonstrate that A20 regulates NF-κB activation and, subsequently, the production of inflammatory cytokines, but not antiviral IFNs. COPD pBECs and mice with experimental
COPD responded to IAV infection with an exaggerated inflammatory but impaired antiviral responses.
Increased levels of miR-125a and -b by IAV and in COPD suppressed protein inductions of A20 and
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MAVS, leading to heightened airway inflammation and reduced IFN production. Inhibition of miR-125a
and -b reduced the induction of inflammatory cytokines and enhanced antiviral responses to IAV infection
in both healthy and COPD states. This study therefore identifies a potential therapeutic target for IAV
infection in general and in COPD.

Methods
Ex vivo. COPD patients (10) and healthy nonsmoking (10) and smoking (5) controls were recruited, and
their characteristics are shown in Table 1. Subject recruitment, viruses, cell culture and viral infection, A20
plasmid, siRNA, miR-125a and -b antagomir/mimetic treatment, cloning and mutagenesis of miR-125a
and -b binding sites in MAVS 3′-UTR, reporter assays, immunoblotting, cytometric bead array, immunoprecipitation, miRNA extraction and analysis, and statistical tests were performed as previously described
and/or as in Supplemental Methods (27, 31, 57, 58).
In vivo. Experimental COPD and influenza infection were induced; miR-125a and -b were inhibited using specific antagomirs; and histopathology, IHC, immunoblotting, and cytometric bead array
and data analyses were performed as previously described and/or as in Supplemental Methods (33,
35, 39, 59–67).
Statistics. When data were normally distributed, they were expressed as mean ± SEM. Data were analyzed using nonparametric equivalents and summarized using the median and interquartile range (IQR)
when non-normally distributed. Multiple comparisons were first analyzed by the Kruskal Wallis test and
then by individual testing, if significant. P < 0.05 was considered significant.
Study Approval. All procedures were approved by The University of Newcastle Human and Animal
Ethics Committees.
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Dear Editor,
Globally, the viral respiratory infections are one of the major health problems. The investigations in this area are becoming more challenging because of the complexity of relationship
between the host’s defences and microbial virulence (Saturni et al., 2015). Particularly, the role
of infections in asthma can cause wheezing as an “inducer” and can also act as a “protector”
against allergic airway disease (Busse et al., 2010). According to the “hygiene” hypothesis,
early life infection may protect against asthma. If the parents of the offspring have asthma or
allergies, the chances of exacerbations with viral respiratory infections particularly provoke
wheezing in the early life and lead to the development of asthma in later stages (Budden et al.,
2017; Okada et al., 2010). Sigurs et al. (2000) have shown that the family history of asthma
along with severe respiratory syncytial virus (RSV) infections increases the development of
asthma in children at the age of seven. Nowadays, increasing number of asthma patients with
steroid-resistance and coexisting respiratory viral infections has severely affected the cost of
treating asthma patients (Durham et al., 2011). Moreover, viral respiratory infections are also
one of the major causes of exacerbations further deteriorating the quality of life for these patients.
Various studies have provided mechanistic insights showing an association of respiratory
viral (RSV, rhinovirus) and bacterial (Chlamydia, Mycoplasma) infections with asthma (Hansbro et al., 2014). Using the mouse model, it has been well demonstrated that chlamydia respiratory infections during early life modify lung physiology where it increases the severity of allergic airway disease by targeting factor like interleukin-13 (IL-13) (Starkey et al., 2013) and
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tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (Starkey et al., 2014a, b). Various other factors that have been investigated to play a role in the susceptibility to respiratory
viral infections in allergic airway diseases include monocyte chemoattractant protein-1 (MCP1), keratinocyte-derived protein chemokine (KC) (Nguyen et al., 2016b) and receptor for advanced glycation end-products (RAGE) (Arikkatt et al., 2017).
It has been demonstrated in mice models that IL-13 impaired antiviral immune responses
in various respiratory diseases including asthma and chronic obstructive pulmonary disease
(COPD). These impaired responses predisposed these mice to severe influenza infection that
exacerbated the underlying disease via increased expression of micro-RNA-21 (miRNA-21)
and phosphoinositide 3-kinase (PI3K). This indicates the potential of PI3K inhibitors, anti-IL13 and miRNA-21 antagomirs as novel therapeutic interventions in management of allergic
airways diseases (Dua et al., 2017; Starkey et al., 2014a, b). Furthermore, miR-21/PI3K/histone
deacetylase (HDAC) 2 axis has recently been reported to drive severe, steroid-insensitive experimental asthma (Kim et al., 2017). In a dual T-helper 2/T-helper 17 (Th2/Th17) model of
steroid-resistant asthma, IL-13-mediated and signal transducer and activator of transcription 6
(STAT6)-dependent airway hyper-responsiveness (AHR) and mucus metaplasia was observed,
however, IL-13 was not identified to be directly contributing to airway/tissue inflammation.
Similarly, in the same mixed model, interleukin-17A (IL-17A) was identified as an independent
contributor to AHR with only partial mediation of inflammation and mucus metaplasia (Manni
et al., 2016).
Specifically with PI3K, increased PI3K catalytic subunit p110α (PI3K-p110α0 activity has
been demonstrated to increase susceptibility of individuals with COPD to influenza infections
(Chen-Yu Hsu et al., 2015). This was evident with the increased viral entry and replication
(increased viral titre) in COPD primary bronchial epithelial cells (pBECs) and pulmonary inflammation along with compromised lung function in infected mice with experimental COPD
(Beckett et al., 2013; Chen-Yu Hsu et al., 2015). Long et al. (2016) have shown the involvement
of natural killer (NK) cells in persistent airway inflammation and AHR during later stages of
RSV infection in mice, where targeting NK cells therapeutically may be a novel approach to
improve recurrent wheezing following to RSV infection.
One of the recent studies emphasized on the involvement of bromodomain and extra terminal (BET) proteins in regulation of AHR and airway inflammation in interferon-γ (IFNγ)/lipopolysaccharide (LPS, an endotoxin) and RSV-induced steroid-resistant exacerbations models.
They presented the therapeutic potential of BET inhibitor in suppressing macrophage-driven
steroid-resistant exacerbations (Nguyen et al., 2016a). In COPD, combination of roflumilast Noxide and dexamethasone was demonstrated to produce additive anti-inflammatory effects in
COPD pBECs by increasing the expression of mitogen-activated protein kinase phosphatase 1
(MKP1; also known as dual specificity protein phosphatase 1, (DUSP1) and enhancing inhibitory effects on phospho-p38 and nuclear factor-κB (NFκB) (Milara et al., 2015).
The investigation of Chambers et al. (2015) into identifying immunological differences between steroid-sensitive and steroid-resistant asthma demonstrated patients with steroid resistance asthma to produce significantly high levels of IL-17A and IFN-γ. Calcitriol treatment
in both an in-vitro (peripheral blood mononuclear cell, PBMCs) and in-vivo (steroid resistance
asthma patients) settings demonstrated an improvement in clinical response to oral glucocorticoids probably by directing the cytokine profile of steroid-resistance asthma patients towards
the steroid-sensitive immune phenotype. With an aim of increasing patient compliance in
COPD and steroid-refractory asthma, Onions and his co-workers designed and optimized various chemical compounds that could produce sustained action post-inhalation (Onions et al.,
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2016). Further, microRNA-9 (miRNA-9) was investigated as another potential therapeutic target by Li et al. (2015), where it was hypothesised to regulate glucocorticoid receptor (GR)
signalling and steroid-resistant AHR in steroid-resistant asthma.
Tian et al. (2016) emphasised on the apoptosis of inflammatory cells which is an important
prerequisite feature in clearing airway inflammation induced by insults such as allergens. They
demonstrated the potential of Bcl-2 inhibitors ABT-737 or ABT-199 as promising therapeutic
tools in the treatment of corticosteroid-insensitive neutrophilic airway inflammation (Tian et
al., 2016). Another potential therapeutic intervention included an anti-RSV neutralizing antibody (palivizumab) which has recently been approved for the prevention of severe RSV infection in high-risk patients. This antibody was tested in mice model where the antibody was administered once either (a) 24 hours prior to infection as prophylaxis or (b) 48 hours post-infection (inoculation with RSV). They showed attenuated RSV replication in the lower respiratory
tract as well as significant reduction in the cytopathic effect of virus particularly in the respiratory epithelial cells and in the immune response elicited by RSV in response to the treatment
(Carbonell-Estrany and Quero, 2002; Group, 1998; Mejías et al., 2004).
Hines and colleagues investigated molecular processes involved in structural remodelling
as a consequence of repeated respiratory viral infections during early childhood. They demonstrated distinct responses from the macrophages and mast cells along with abnormal re-epithelization resulting in various structural defects using Sendai virus infection model in weanling
rats (an atopic asthma susceptible strain, Brown Norway, and a non-atopic asthma resistant
strain, Fischer 344) (Hines et al., 2014). A translational investigation using a blend of genetic
animal model and in-vitro human studies identified an innate immunity scavenger receptor
MARCO gene to be associated with increased susceptibility of children to RSV infection (High
et al., 2016). Also a clinical trial investigating the efficacy and safety of long-term treatment
with anti-IgE antibody, omalizumab, in children with uncontrolled severe allergic asthma
demonstrated it to be well tolerated with improvements in asthma control (Odajima et al., 2017).
A multicenter, randomized, double-blind, placebo-controlled, parallel-group study assessed
the safety and efficacy of inhaled Zanamivir in preventing infection in adult and adolescent
subjects susceptible to influenza infection particularly against the circulating strains of the
2000-2001 influenza season in the Northern Hemisphere (influenza A/New Calendonia/20/991ike and influenza B/ Sichuan/379/99-like). Zanamivir was demonstrated to be well-tolerated
with a placebo comparable safety profile (LaForce et al., 2007). Likewise, a randomized, double-blind, placebo-controlled, crossover phase 1 study evaluated the safety of an inhaled antiviral DAS181 (Fludase®) in adult subjects with well-controlled asthma (Colombo et al., 2016;
Zenilman et al., 2015) which was a part of clinical trial where DAS181 was shown to reduce
viral load (Moss et al., 2012).
Though, there are number of translational and clinical studies performed worldwide to investigate molecular mechanisms interlinking influenza infection and allergic airway diseases
along with the ongoing search for potential therapeutic interventions, there are still many questions that remain unaddressed. Some of these impediments include patterns of inflammation
involved due to various respiratory viruses and multiple genes and their products, which underpin the regulatory mechanisms driving the disease pathology.
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