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ABSTRACT

Chronic respiratory diseases such as asthma and chronic obstructive pulmonary
disease (COPD) pose a major public health burden. Hospitalization, mortality and
increased health care costs owing to these diseases are amongst the consequences of
exacerbations. Exacerbations are usually elicited by respiratory infections, allergens,
environmental pollutants or occupational sensitizers. These factors may work in either an
additive or synergistic manner. Regular management using inhaled glucocorticoids (GCs)
has an unquestioned benefit in alleviating exacerbations unless the respiratory viruses were
the trigger. Due to the few alternative anti-inflammatory therapies available, restoring
glucocorticoid (GC) efficacy is indispensable. Among the respiratory viruses implicated in
asthma/COPD exacerbations is respiratory syncytial virus (RSV); the prime respiratory virus
associated with  bronchiolitis and pneumonia in infants, young children,
immunocompromised adults and the elderly worldwide. Despite the fact that RSV-induced
pathogenesis is in part inflammatory, the beneficial effect of GCs in alleviating the
symptoms or altering the course of illness is still debatable. Several reports suggested that
RSV infection has a detrimental effect on GC signalling through mechanisms that are not

yet defined.

Being the prime locus for viral infection and replication and the crucial target for
glucocorticoid therapy as well, airway epithelium has been suggested as a key cell type in
which virus-induced glucocorticoid resistance may occur. The airway epithelium releases
a surplus of cytokines and chemokines leading to airway inflammation and airway
structural changes seen in asthma. Among these inflammatory mediators is the transforming
growth factor 1 (TGF-B1). Our laboratory has identified TGF-B1 as the key mediator of
glucocorticoid insensitivity in bronchial epithelial cells where it ablates glucocorticoid
activity at pathophysiologically relevant picomolar concentrations. We, therefore,

investigated the possible contribution of this key cytokine to RSV-induced GC resistance.

Data presented within this thesis has provided the first evidence that TGF-1 drives
RSV-induced GC-insensitivity in bronchial epithelium transformed with Ad12-SV40 2B
(BEAS-2B) cell line. However, blanket inhibition of TGF-B1 using TGF-B receptor (activin-
like kinase 5 (ALK5/ TGF-BR1 kinase) selective inhibitor, SB431542 compromises its
beneficial pleiotropic effects leading to serious adverse effects. Our group has recently
identified casein kinase 1delta /epsilon (CK15/¢) as a downstream effector of TGFB-induced

remodelling and steroid resistance. Our data also implicated CK18/e in RSV triggered




impairment of GC responsiveness where pharmacological inhibition  of
CK18/e by PF670462 has inhibited the expression and activity of TGF-B1 and subsequently
prevented the GC impairment provoked by RSV infection in our in vitro model. Moreover,
PF670462 has significantly subdued RSV-induced expression of pro-inflammatory gene
suggesting the potential for additional beneficial anti-inflammatory activities mediated by
PF670462. This potential was further confirmed in vivo, where we have provided evidence
of an interaction between PF670462 and dexamethasone to achieve greater control of the

pulmonary inflammation following RSV infection.

Moreover, we evaluated the contribution of different epithelial pattern recognition
receptors (PRRs) involved in RSV sensing in the apparent resistance using a wide array of
PRRs ligands. Among the ligands tested was polyinosinic:polycytidylic acid (poly I:C); a
synthetic analogue of double-stranded RNA (dsRNA) that is frequently used as a viral
mimic. Our results showed that that viral pathogen-associated molecular patterns (PAMPs),
most importantly double-stranded RNA (dsRNA), activates toll-like receptor 3 (TLR3),
activates toll-like receptor 3 (TLR3) that in turn signals through the extracellular signal-
regulated kinase 1/2 (ERK1/2)-dependent pathway to promote TGF-f activity hence
mediating GC resistance in airway epithelial cells. Genetic approaches established that

targeting TLR3 may restore the responsiveness to glucocorticoids.

In conclusion, we demonstrated that RSV impairs glucocorticoid sensitivity in
airways epithelium partly through TLR3 activation with subsequent release of TGF-B1, a
potent mediator of glucocorticoid resistance. We also implicated CK18/¢ in the apparent
resistance. This thesis provided novel insights into mechanisms of glucocorticoid
insensitivity in the airway epithelium. These findings offered two novel anchor points;
CK18/e and TLR3, for a potential treatment for the prevention/treatment of GC insensitivity

occurring during RSV infection-induced bronchiolitis or asthma/ COPD exacerbations.
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CHAPTER 1: General Introduction

1 General introduction

1.1 Overview

1.1.1 Thesis statement

Glucocorticoids (GC) are poorly effective in alleviating respiratory syncytial virus
(RSV)-induced bronchiolitis and wheezing. In this thesis, we demonstrated that RSV impairs
glucocorticoid sensitivity in airways epithelium partly through Toll-like receptor 3 (TLR3)
activation with subsequent release of transforming growth factor-g1 (TGF-f1), a potent
mediator of glucocorticoid resistance. We also implicated casein kinase 18/e (CK18/¢) in
the apparent resistance. In this study, we have offered anchor points for novel therapeutic

strategies to restore GC sensitivity during RSV infection.
1.1.2  Overview of general introduction

Firstly, this chapter focuses on reviewing the pathophysiology of asthma
exacerbations and the contribution of viral infections in disease pathogenesis. Next, we
will review the current knowledge of the molecular mechanisms of GC insensitivity. The
respiratory synthetical virus, the prime cause of asthma exacerbation in infants will be then
discussed. Current understanding of the immune response of airway epithelial cells to RSV
infection will then be critically reviewed. The final sections of this chapter will be devoted
to the rationale of examining the molecular mechanism of RSV-induced glucocorticoid
resistance in the epithelium and the rationale of examining the different pattern recognition

receptors (PRRs) involved in RSV sensing for a role in the reported GC insensitivity.
1.2 Chronic respiratory diseases; an overview

Chronic respiratory diseases are a diverse group of illnesses affecting the airways and
other lung structures. The most significant of these disorders are asthma, chronic
obstructive pulmonary diseases (COPD), pulmonary hypertension and idiopathic
pulmonary fibrosis (IPF). Among these disorders, asthma is the most prevalent in Australia
with one in nine (equivalent to 2.8 million people) has asthma based on data reported from
the 2017-18 Australian Health Survey (AHS) (Health and Welfare, 2020). Despite being
incurable, asthma is largely manageable except for exacerbations that respond poorly to
steroids. This fact sparks our interest to explore treatment improvement for steroid-resistant
asthma exacerbations. Hence, in this section, we will review the epidemiology,
pathogenesis and treatment options of asthma exacerbations with a focus on exacerbations

of viral aetiology.
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1.2.1 Asthma exacerbations: definition

A major burden of asthma is its exacerbations that vary from being mild, moderate,
severe, or life-threatening. In certain cases, oral glucocorticoid intervention may be
required (Edwards et al., 2012). Asthma exacerbation is the transient worsening of asthma
symptoms that may develop following exposure to “triggers”. According to the Global
Initiative for Asthma (GINA) guidelines, asthma exacerbations are defined as “episodes
characterized by a progressive increase in symptoms of shortness of breath, cough,
wheezing or chest tightness and progressive decrease in lung function” (GINA, 2020). A
joint task force of the American Thoracic Society and European Respiratory Society has
defined asthma exacerbations as events characterised by a change from the individual’s

previous status and categorized exacerbations into:

“1. Severe asthma exacerbations are defined as events that require urgent action on
the part of the patient and physician to prevent a serious outcome, such as hospitalization

or death from asthma.

2. Moderate asthma exacerbations are defined as events that are troublesome to the
patient, and that prompt a need for a change in treatment, but that is not severe. These
events are clinically identified by being outside the patient’s usual range of day-to-day

asthma variation” (Reddel et al., 2009).
1.2.2 The epidemiology of asthma exacerbations

Around 20% of asthma patients experience an exacerbation that often requires
medical consultation or hospitalization that account for 80% of the asthma total costs
(Rodrigo et al., 2004). Exacerbation occurs similarly across different races when taking the
socioeconomic factors into account. The incidence of asthma exacerbations is higher in
the obese population and women taking hormone replacement therapy (Dougherty and

Fahy, 2009).

Exacerbations are usually self-reinforcing and increase the risk of future recurrence
(Miller et al., 2007). Particular patients are found to be more ‘exacerbation prone’. Usually,
they are distinguished by irreversible limitation of airflow, chronic sinusitis, psychological
disorders, and resistance to non-steroidal anti-inflammatory drugs (Koga et al., 2006;
Kostakou et al., 2019). Exacerbations of asthma may result in long term effects on the lung.
Patients prone to exacerbation are more liable to accelerated loss of lung function as a

consequence of the greater inflammatory burden and the activation of auxiliary
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inflammatory pathways during exacerbation of asthma (Bai et al., 2007; Holgate et al.,

2008; Suau and DeBlieux, 2016).
1.2.3 Aetiology of asthma exacerbations

Numerous triggers have been identified for asthma exacerbations including
occupational sensitizers (cleaning products, grains, flours), high doses of allergens (dust
mites, pollen, animal dander), medications [B-blockers, Nonsteroidal anti-inflammatory
drugs (NSAIDs)], environmental pollutants (diesel particulates), exercise and stress.
Nevertheless, respiratory viruses are the most prevalent cause of asthma exacerbation
especially among infants and children (Johnston et al., 1995; Freymuth et al., 1999; Rakes
et al., 1999; Kotaniemi-Syrjanen et al., 2003; Thumerelle et al., 2003; Heymann et al.,
2004; Jartti et al., 2004; Johnston et al., 2005; Lemanske et al., 2005; Kusel et al., 2006;
Allander et al., 2007; Chung et al., 2007; Khetsuriani et al., 2007; Kusel et al., 2007; Bosis
et al., 2008; Jackson et al., 2008; Papadopoulos et al., 2011; Turunen et al., 2014;
Christensen et al., 2019). Other pathogens reported to mediate exacerbations are the gram-
negative Mycoplasma pneumoniae and Chlamydophila pneumonia, however, they
play a minor role (Figure 1.2) (Douwes et al., 2002). Moreover, the ‘two-hit hypothesis’
may act in some situations where some exposures may modify the effect of other exposures
and there may be synergistic interactions that may lead to a more severe asthma
exacerbation (Papadopoulos et al., 2011). As an example, viral-induced inflammation has
been proved to prime the airways for a potentiated allergic response to exposure to
allergens leading to severe asthma exacerbation (Green et al., 2002; Dougherty and Fahy,
2009). The interaction of some aeroallergens with other environmental components, e.g.,
high levels of air pollutants has also led to more severe asthma exacerbations in people of

different age groups and gender (Murray et al., 2006, Cakmak et al., 2012).

Some individual characteristics have been proposed as potential modifiers of
asthma exacerbations severity. Individuals with a sensitivity to certain allergens will
probably experience more severe allergic reactions hence increase their risk to develop
exacerbations (Medrek et al., 2017). Gender and age have been found to be potential
modifiers possibly due to biological differences in levels of sex hormones (Osman, 2003),
lung and airway size, volume and growth rates (Vink et al., 2010), or to socially-linked
differences in exposures to physical activity, cigarette smoking (Clougherty, 2010),

cosmetic products, or obesity (Cakmak et al., 2005).
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1.2.4 Role of respiratory viruses’ infection in asthma exacerbations

Asthma exacerbation is often associated with concomitant respiratory infections
with the respiratory viruses being the main trigger in severe cases. Clinical studies have
reported that the percentage of asthma exacerbations caused by viral infection is around
95% in infants and preschool-aged children, 60-75% in school-aged children and 80 to
85% in adults (Caramori et al., 2006). Viral infections commonly contributing to
exacerbation include rhinovirus (RV), RSV, influenza, parainfluenza, coronaviruses,
adenoviruses, human metapneumovirus, human bocavirus and enterovirus. A systematic
review of 456 studies published between 2001-2011 revealed that RV are the most
frequently detected virus type at all ages, with the exception of infants hospitalized with
bronchiolitis, where RSV prevails . Most other agents have small to moderate involvement
(Papadopoulos et al., 2011). The relative contribution of other viruses to exacerbations of
acute asthma across different age groups is depicted in Figure 1.1. RV is the most common
virus; being detected in 65% of cases (Johnston et al., 1995; Guibas and Papadopoulos,
2017). Parainfluenza viruses (PIV) are the second major cause of hospitalization in children
with respiratory tract infection (Pecchini et al., 2015). Among the respiratory viruses
involved in asthma exacerbations, RSV is especially crucial in premature infants and young

children and will be the focus of the current thesis (Figure 1.1) (Stowell et al., 2009).
1.2.5 Mechanisms of virus-induced asthma exacerbations

Several mechanisms have been involved in the progression from a viral respiratory
infection to an acute asthma exacerbation. In response to respiratory viral infections, an
integrated response including the respiratory, the immune and the nervous systems occurs
to quickly and efficiently clear the invading pathogen (Velissariou and Papadopoulos,
2006). In asthmatics, several elements of this integrated response are altered leading to
airway hyperresponsiveness (AHR) that contributes to the exacerbations developed
following viral infection (Figure 1.1) (Togias, 2004). AHR may develop secondary to airway
wall oedema, metaplasia of goblet cell with alteration in mucus composition due to cell
debris and plasma protein excess, increased epithelial and endothelial permeability and
impaired small airway patency (Folkerts et al., 1998; Dakhama et al., 2005). The epithelium
damage induced by viral infection results in shedding of dead epithelial cells into the lumen
and impaired mucociliary clearance. Moreover, damage of the airway epithelium
decreases the production of endogenous bronchodilators [Prostaglandin E, (PGE,),
endopeptidase, nitric oxide (NO)] and impairs the catabolism of bronchoconstrictor-like

neurokinin A and substance P (Hegele et al., 1995). The absence of airway epithelium may
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also increase the exposure of sensory nerves to allergens. The released kinins can trigger
smooth muscle contraction. Lastly, viral infection triggers the release of a surplus of
cytokines and chemokines which induce airway remodelling and promote an influx of
inflammatory cells namely eosinophils and neutrophils to the site of infection.
Degranulation of eosinophils release mediators that deposit on airway smooth muscle and
interfere with the activity of the muscarinic acetylcholine receptor M2 leading to increased
cholinergic responsiveness and continued bronchoconstriction (Papadopoulos et al.,

2007).
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Figure 1.1| A conceptual model for asthma exacerbations upon viral infection.
Modified from (Papadopoulos et al., 2007)




CHAPTER 1: General Introduction

Mycoplasma Pn
1.9%

Chlamydophila Pn
3.7%

Bocavirus
‘

Mycoplasma Pn
13.9%

10.2%

Adenovirus

Rhinovirus

- o,
30.6% Chlamydophila Pn

Metapneumovirus 10.9%
3.7% Infants and
preschool-age
children

Children
(6-17 years)

Metapneumovirus
4.5%

Respiratory Syncytial virus |

Rhinovirus
54.5%

Respiratory Syncytial virus _,

17.6% °
Enterovirus Parainfluenza virus J

Parainfluenza virus 16.7% 2.0%
6.9% Coronavirus Influenza virus
Influenza virus 1.9% 2.5%
2.8% Coronavirus
1.0%
Enterovirus
6.9%

C Mycoplasma Pn

4.3%

Chlamydophila Pn

0,
14.0% Rhinovirus
Adenovirus " 31.2%
2.2% 1

Metapneumovirus

7.5%

Respiratory Syncytial virus

3.2%

Coronavirus

Influenza virus 12.9%

24.7%

[

Figure 1.2| Prevalence of viruses and bacteria in asthma exacerbation across different age groups.
Modified from Edwards et al. (2012)
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1.2.6 The therapeutic regimens for virus-induced exacerbations

Corticosteroids are so far the most protective against the development of asthma
exacerbations leading to a 50% reduction in occurrence compared to 32 agonist or placebo
(Sin et al., 2004; Tamm et al., 2012). Additionally, they are reported to improve the AHR
leading to better control of exacerbations (Sont et al., 1999). Nonetheless, the effective
treatment of asthma exacerbations remains unmet. The poor compliance of asthmatic
patients to the inhaled drug treatment represents one problem (Lindsay and Heaney, 2013;
Gaude et al., 2014; Engelkes et al., 2015). Accordingly, glucocorticoid treatment begins
only when asthma exacerbations symptoms have already emerged resulting in a poor
therapeutic outcome. The efficacy of corticosteroids in managing exacerbations remains
controversial, particularly if they are virus-induced, despite the reported efficacy of inhaled
corticosteroid in treating the respiratory viral infection (McKean and Ducharme, 2000;
Alangari, 2014; Hasegawa et al., 2021). In animal models, virus-induced exacerbations
have failed to respond to the inhaled corticosteroids (Singam et al., 2006). Partial resistance
to even systemic corticosteroids has been reported in Lipopolysaccharide (LPS)-induced

asthma exacerbations (Komlési et al., 2006; Ueda et al., 2016; Hadjigol et al., 2020).

Alternative strategies are emerging for managing viral exacerbations. The first
approach is to boost the innate immunity via the use of inhaled interferon-p as a
complementary strategy to corticosteroids for managing virus-induced asthma
exacerbations in difficult-to-treat patients (Boxall et al., 2013; Djukanovic et al., 2014).
This strategy was implemented following a study that reported the in vitro anti-
inflammatory and anti-viral properties of interferon-p on primary bronchial epithelial cells
obtained from asthmatic patients (Cakebread et al., 2011). Djukanovic and colleagues had
reported potential deleterious effects of inhaled IFN-B in subgroup of patients with mild
asthma, where asthma symptoms have increased, although non-significantly compared to
placebo group (Djukanovic et al., 2014). Epithelial cell derived from patients with mild
asthma have normal IFN production (Sykes et al., 2014). It is possible that the addition of
exogenous IFN-B in this subgroup could lead to greater inflammation and subsequent
worsening of symptoms (Djukanovi¢ et al., 2014; Jackson, 2014). Watson et al. recently
demonstrated that intermittent prophylactic doses of exogenous IFN- 3 could modulate
viral infection in an in vitro model. Moreover, they reported that chronic dosing with IFN-
B was more effective than dosing post viral infection while it was not associated with

inflammatory mediators production (Watson et al., 2019).
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The second approach aims at decreasing the sensitivity to inhaled allergens via the
use of omalizumab to attenuate immunoglobulin E (IgE)-mediated allergic response. This
anti-Igk drug has successfully reduced steroid use for managing viral exacerbations (Busse

etal., 2001; Soler et al., 2001).

The third approach to reduce the risk of exacerbations is to alleviate pulmonary
inflammation via different anti-inflammatory strategies. These include inhibition of type-2
cytokines such as the anti-Interleukin (IL)-5 (IL-5) drugs (reslizumab or mepolizumab) to
reduce exacerbations and control refractory eosinophilic asthma (Haldar et al., 2009;
Pavord et al., 2012; Castro et al., 2015), the anti-IL13 drugs (tralokinumab, lebrikizumab)
(Corren et al., 2011) and the anti-IL4 /-13 receptor (dupilumab) (Wenzel et al., 2013).
Another anti-inflammatory strategy is the inhibition of pro-inflammatory cytokines in
COPD via the use of Anti-IL6 (siltuximab) and anti-IL-6 receptor (IL6R) (tocilizumab) that
have been previously studied in other neutrophilic conditions such as Rheumatoid arthritis
(Yao et al., 2014). Inflammation reduction is also achieved via disrupting chemokine
signalling by antagonists of C-X-C motif chemokine ligand 10 (CXCL10)/ Interferon gamma-
induced protein 10 (IP-10) and its receptor chemokine receptor type 3 (CXCR3) (Laragione
et al., 2011; Yellin et al., 2012) or antagonists of CXCL8/IL-8 and its receptors CXCR1/2
that showed mixed results in COPD (Magnussen H, 2010; Rennard SL, 2013). Other anti-
inflammatory strategies include blocking of the pattern recognition receptors (PRRs), i.e.
toll-like receptor 4 (TLR4) antagonist (eritoran) that prevented mortality in influenza-
infected mice (Shirey et al., 2013), inhibition of different components of inflammatory
pathway, such as phosphoinositide 3-kinase (PI3K) inhibitors, p38 mitogen-activated
protein kinase (MAPK) inhibitors or Phosphodiesterase 4 (PDE4) inhibitors. PI3K inhibitors
have reversed steroid irresponsiveness in vitro in COPD (Marwick et al., 2010) and reduced
the inflammatory response in mice infected with RV (Ganesan et al., 2012). Inhibition of
p38 MAPK showed mixed outcomes regarding lung function and sputum neutrophilia
(Chung, 2011; Lomas et al., 2012). Roflumilast; a PDE4 inhibitor, reduce the exacerbation
risk and improved the forced expiratory volume in severe COPD (Calverley et al., 2009).
There is increasing evidence that antioxidants, such as Nuclear erythroid-2- Related Factor
2 (Nrf2) activator, decrease COPD exacerbations (Poole and Black, 2006; Tse et al., 2013;
Zheng et al., 2014) and reversed steroid insensitivity in COPD patients macrophages in
vitro (Malhotra et al., 2011). Macrolides have also been shown to decrease COPD

exacerbations frequency (Herath and Poole, 2013).
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The last approach to reduce the risk of virus-induced asthma exacerbations is to
target the virus itself via vaccination, use of antiviral drugs or preventing the entry of the
virus. Influenza vaccine has decreased the frequency of COPD exacerbations (Poole et al.,
2006) and immunizing mice with rhinovirus capsid protein has improved viral clearance
following challenge with the virus (Glanville et al., 2013). Blocking Intercellular Adhesion
Molecule 1 (ICAM-1), i.e. tremacamra, prevent viral entry and hence alleviating symptoms
and reduce the viral titers in nasal lavage, yet expensive (Turner et al., 1999). In vivo, anti-
ICAM-1 prevented RV infection in mice (Traub et al., 2013). Antivirals that target
rhinovirus capsid (pleconaril and vapendavir) and rhinovirus protease 3C inhibitors
(rupintrivir) had been developed (Thibaut et al., 2012; Casanova et al., 2018). Although
capsid binders are attractive and potent early-stage inhibitors of RV replication in vitro, in
vivo results were disappointing due to problems with pharmacodynamics, in vivo efficacy,
and resistance development (Ortega et al., 2020). Similarly, 3C protease inhibitors are
effective in vitro, while ineffective in clinical trials (Glanville et al., 2013). The benefits of
influenza neuraminidase inhibitors (oseltamivir, zanamivir) have been proved (Dobson et
al., 2015). Palivizumab; anti-RSV F protein, is licensed to be used in high-risk infants
(Olszewska and Openshaw, 2009).

1.3 Glucocorticoids and asthma management

Glucocorticoids represent the mainstay for asthma therapy and other inflammatory
lung diseases. The therapeutic efficacy of GCs can be attributed to their impressive anti-
inflammatory and immunosuppressive effects. However, around 5-10% of asthmatic
patients are unresponsive to inhaled corticosteroids and poorly respond to oral
corticosteroids, a condition referred to as “steroid insensitivity” (Henderson et al., 2020).
Glucocorticoid insensitivity or resistance is precisely described as not only the decrease in
the maximum response to GCs but also to a rightward shift in the dose-response curve
(Keenan et al., 2012). GC-insensitive asthma is clinically defined as the persistent airflow
obstruction along with a less than 15% increase in the forced expiratory volume in 1s
(FEV1) following a 14-day course of high-dose oral GCs (Chung et al., 2014). This asthma
cohort may experience poorly controlled asthma due to the few alternative anti-
inflammatory therapies available. This in turn leads to disproportionate health care costs
due to hospitalisations and emergency services use (Godard et al., 2002). In this section,
we will discuss mechanisms of GC actions and different molecular underpinnings

influencing GC sensitivity. Understanding of the complexity in the GC signalling
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mechanisms and the multiple pathways involved in GC insensitivity may help the

identifications of appropriate targets to improve GC sensitivity in steroid-resistant diseases.

1.3.1  Glucocorticoid mechanism of action

GC exert their profound anti-inflammatory effects via either transactivation of anti-
inflammatory genes or transrepression of proinflammatory genes (Figure 1.3).
Glucocorticoids penetrate the cell membrane where they can engage with their
cytoplasmic glucocorticoid receptor-a (GRa). The GRa dissociates from its molecular
chaperones i.e., heat shock proteins (HSPs); HSP70, HSP90, p23 and FK506-binding
protein 52 (FKB52)], to allow GC binding thereby activating it. The GC-GRa complex then

migrates to the nucleus.

Through transactivation, the activated GC-GR complex homodimerize and binds to
Glucocorticoid Response Elements (GRE); a specific DNA sequences (5'-
GGTACANnnTGTTCT-3’) found in the 3' untranslated region (3’ UTR) of steroid-sensitive
genes. This leads to the recruitment of several coactivators with intrinsic histone
acetyltransferase activities, such as cAMP Response Element-Binding Protein (CREB)-
binding protein (CBP) that elicit chromatin remodelling to facilitate binding of RNA
polymerase Il and subsequent gene transcription. Additionally, GR in a monomeric form
interacts with other transcription factors, namely Signal transducer and activator of
transcription 3 (STAT3) or STAT5 to trigger transcription through “tethering” or “composite”
mechanisms (Stoecklin et al., 1999; Langlais et al., 2012; Ratman et al., 2013). Among the
steroid-sensitive genes upregulated through transactivation are genes encoding anti-
inflammatory mediators including IL-10, annexin-1 (lipocortin-1), the inhibitor of nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IxBa), secretory
leukoprotease inhibitor (SLPI), mitogen-activated protein kinase phosphatase-1 (MKP-1)
and glucocorticoid-induced leucine zipper (GILZ) (Ito et al., 2000).

The GR-GC complex can also mediate transrepression via protein/protein interaction
or tethering mechanism. GR can directly interact with other transcription factors to inhibit
its activity without contacting the deoxyribonucleic acid (DNA) itself. These immune-
regulating transcription factors include NF-xB (nuclear factor-xB), IRF3 (interferon
regulatory factor 3), AP-1 (activator protein 1) and GATA3 (GATA binding protein 3) (Reily
et al., 2006; Liberman et al., 2009). Alternatively, the activated GR (the GC-GR complex)
can compete with the transcription factors (NFkB and IRF3) for the nuclear coactivators;

CBP and GR-interacting protein-1 (GRIP1) hence prevent the uncoiling of chromatin by
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histone acetylation, therefore rendering the gene incapable of transcription (Barnes, 2006;
Uhlenhaut et al., 2013). This effect can be enhanced by histone deacetylase 2 (HDAC2),
reversing the histone acetylation, leading to DNA coiling and hence inhibiting transcription
(Ito et al., 2000). Transrepression can also occur through binding of dimerised GC-GR
complex to the negative GRE (nGREs) as in the case of repressing the expression of thymic

stromal lymphopoietin (Surjit et al., 2011).
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Figure 1.3| Mechanism of action of glucocorticoids.
Modified from (Patel et al., 2012)

1.3.2 Molecular mechanisms of GC insensitivity

Heterogeneous mechanisms have been involved in a diminished response to
corticosteroids in asthma [reviewed in (Barnes, 2010; Keenan et al., 2012; Boardman et
al., 2014)]. The importance of these mechanisms probably varies between patients and
none of them are related to abnormal cortisol levels or Addison’s disease. In this part, we

will summarize the molecular mechanisms of GC resistance described to date.
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1.3.2.1 Decreased GR binding

Glucocorticoids perform their action via binding to their cytoplasmic receptor GR.
Therefore, it is possible that changes in GC-GR binding can result in GC insensitivity. For
instance, the multidrug resistance 1 (MDR1) gene encodes the P-glycoprotein 170 pump
that is responsible for the efflux of glucocorticoids from the cell. Upregulation of P-
glycoprotein has been correlated to steroid resistance in inflammatory bowel disease,
rheumatoid arthritis and nasal polyps due to the increased efflux of intracellular GCs

(Farrell et al., 2000; Tsujimura et al., 2008; Kocharyan et al., 2014).

Another possible mechanism of the GC insensitivity is alternations in the expression
of GRa/B. GRa is known as an active isoform while GRp functions as a negative inhibitor
by either competing with GRa for GRE binding (Leung et al., 1997) or forming a
heterodimer with GRa thereby preventing it from binding to GRE sites (Oakley et al., 1999).
Our laboratory has detected impaired GRa expression following the stimulation with TGF-
B1 in cells of carcinomic human alveolar basal epithelial cell line A549 (Salem et al.,
2012). GRa expression was also suppressed in mice treated with tumer necrosis factor-
alpha (TNF-a) (Van Bogaert et al., 2011). Several studies, on the other hand, have detected
an elevated level of GRp in airway diseases that has been linked with modest response to
GC treatment. Patients with GC-resistant asthma have shown an increased number of GRp-
positive bronchoalveolar lavage cells (BAL cells) and peripheral blood mononuclear cells
(PBMCs) compared to healthy controls and GC-sensitive asthmatics (Christodoulopoulos
et al., 2000; Sousa et al., 2000). Additionally, GRB expression was increased in the
epithelium and the submucosal inflammatory cells of severe asthmatics in comparison to

patients with moderate asthma (Bergeron et al., 2006).
1.3.2.2 Impaired GRa nuclear translocation

GC function depends on efficient translocation of GR to the nucleus. PBMCs
isolated from steroid-resistant asthmatics have shown defective GRa nuclear translocation
(Matthews et al., 2004). GR nuclear translocation was 40% lower in airway smooth muscle
cells (ASMs) from severe asthma than that measured in either healthy or non-severe asthma
subjects (Changetal., 2015). Given that GRa phosphorylation is well-documented to affect
the nuclear trafficking of GR, it has been proposed as a mechanism of dysfunction. For
example, the cytokine IL-2 was found to impair nuclear trafficking of GRa in p38™4™-
dependent manner in PBMCs (Irusen et al., 2002). Similarly, phosphorylation of the GRa

Ser226 residue in response to TNF-a activation of c-Jun amino-terminal kinase (JNK)
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enhances nuclear export of GRa in inflammatory cell types (Barnes and Adcock, 2009).
Additionally, our group has demonstrated that treatment of A549 cells with TGF-f8 has

impaired GRa nuclear localisation (Salem et al., 2012).

The nuclear transport receptor Importin 13 controls the nuclear entry to GR.
Decreased level of Importin 13 or degradation of Importin 7 caused by oxidative stress
strongly potentiated glucocorticoid insensitivity via impairment of GR nuclear translocation
(Tao et al., 2006; Hakim et al., 2013). Besides, Importin 13 genetic variation in children
has resulted in better airway responsiveness in asthma that is equivalent to the

improvement by long-time inhaled GCs (Raby et al., 2009).
1.3.2.3 Increased pro-inflammatory transcription factors

Peripheral blood mononuclear cells (PBMCs) and bronchial biopsies from
glucocorticoid-resistant asthmatics have shown excessive activation of the transcription
factor relative to steroid-sensitive asthmatic patients (Loke et al., 2006). AP-1 is thought to
preferentially bind GRa thereby hindering GR a from interacting with other transcription
factors or DNA (Adcock et al., 1995). Other transcription factors have been involved in GC
resistance, such as NFkB, STAT5 and IRF1. The expression level of NFkB correlates
inversely with glucocorticoid responsiveness (Hakonarson et al., 2005). STAT5 has been
shown to bind GRa hence interfere with its translocation to the nucleus leading to defective
DNA binding (Goleva et al., 2002). The TNFa and interferons (IFNs)-induced activation of
the transcription factor IRF1 leads to sequestering the co-repressor GRIP-1, thereby
inducing glucocorticoid irresponsiveness in airway smooth muscle cell (Bhandare et al.,

2010).
1.3.2.4 Defective histone acetylation

GC transrepression depends mainly on recruitment of HDACs, especially HDAC2,
to silence inflammatory genes. However, PBMCs isolated from patients with severe asthma
or COPD have shown reduced HDAC2 activity that in turn results in poor GC
responsiveness (Kobayashi et al., 2014; Tan et al., 2016). The impairment of HDAC2
function is highly correlated to PI3K signalling activation (Zijlstra et al., 2012). Additionally,
the oxidative/nitrative stress can lead to S-nitrosylation of HDAC2 thereby impairing its
activity impairs the effect of HDAC2 in facilitating GR transrepression in airway epithelial

cells, which might contribute to poor GC response in these cells (Osoata et al., 2009).
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1.3.2.5 Collagen signalling

Glucocorticoids have antimitogenic and anti-migratory effects on airway smooth
muscle cells. Presence of denatured type 1 collagen impairs the GC responsiveness
(Bonacci et al., 2003). Activation of integrin signalling by collagen has been reported to
interfere with GC regulation of cyclin D1, a cell cycle and migration regulatory protein

(Bonacci et al., 2006).
1.4 Human Respiratory Syncytial Virus

Respiratory syncytial virus is the prime respiratory virus associated with severe
lower respiratory tract infections in infants, young children, immunocompromised adults
and the elderly worldwide (Thompson et al., 2003; Falsey and Walsh, 2005). Additionally,
transplant patients and patients with cystic fibrosis are at risk of severe RSV-induced airway
disease (Garcia et al., 2007). RSV is estimated to cause 64 million cases of respiratory
disease yearly (Nair et al., 2010). Moreover, RSV infections are linked to the development
and exacerbations of asthma and COPD (Russell et al., 2017; Perk and Ozdil, 2018). In
this section, we will review the virus structure and its replication, in addition to airway

epithelial immune response to RSV infection.

1.4.1 Structure of RSV

Structurally, human RSV is an enveloped, pleomorphic virus of the family
Paramyxoviridae, order Mononegavirales (Webster Marketon et al., 2014). The virion has
single-stranded negative-sense RNA genome of a 15.2 kb containing 10 genes. The RNA
core encodes 11 structural and non-structural proteins. The virus particles acquire their
lipid bilayer envelop from the host cell plasma membrane. The virion has three
transmembrane glycoproteins; the attachment G protein, fusion F protein and small
hydrophobic integral SH protein. Besides, the matrix M protein resides in the inner layer of
the viral envelope. The other two proteins, NST and NS2, are non-structural, not packaged
into the virion and expressed only during cell infection. The nucleocapsid core has four
proteins responsible for transcription and replication of the viral genome. These are the
large polymerase subunit L, the antitermination factor M2-1, nucleocapsid protein N, and

the phosphoprotein P (Figure 1.4) (Collins et al., 2001; Ghildyal et al., 2006).
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Figure 1.4| Schematic diagram of the respiratory syncytial virus (A) (Lay et al., 2013) and
its genome structure together with the products of its replication and transcription (B).
Adapted from (Lay et al., 2013) & (Battles and McLellan, 2019).

1.4.2 RSV replication cycle

RSV replication starts in the nasopharynx then extends to the epithelium of the small
bronchioles (Dawson-Caswell and Muncie, 2011). The virion attaches to the host airway
epithelial cells (AECs) via G protein that binds to Glycosaminoglycan Chains (GAGs);
extracellular unbranched polysaccharides. Afterwards, the viral F protein binds to cell-
surface RhoA nucleolin. Nucleolin is an element of a surface-signalling complex and is

implicated in LPS internalization and signalling (Lay et al., 2013).

The mechanism of RSV entry is still an open question. Certain studies suggest that
RSV fusion is related to the actin polymerization (San-Juan-Vergara et al., 2012), transient
activation of macropinocytosis or clathrin-independent endocytosis (Krzyzaniak et al.,
2013). After fusion into the plasma membrane, the virus nucleocapsid and the genome are
released into AECs cytoplasm. The viral polymerase transcribes the genes into mRNAs by
the sequential start-stop-restart synthesis. This generates a transcription gradient where
transcription of starting genes is greater than that of downstream genes. Viral genome
replication creates an anti-genome that serves as a template for genome synthesis. M, F
and G proteins complex with the host cell membrane, whilst N, P, L and M2-1 proteins
accumulates as cytoplasmic inclusions. M protein manages the assembly of the F and G
envelope proteins with the nucleocapsid proteins N, P, and M2-1 before the budding of
the mature virion. The virus spreads from cell to cell through fusion of plasma membranes

of adjacent cells by F proteins, forming large syncytia (Figure 1.5) (Ghildyal et al., 2006).

15



CHAPTER 1: General Introduction

Three to eight days after exposure to the virus, patients feel mild cold-like signs
including rhinitis, dry cough, sore throat, low-grade fever and mild headache. Besides, RSV
infections are usually accompanied by wheezing, dyspnea, hypoxemia due to the induced
inflammation and small airways obstruction. The airways are usually clogged owing to
smooth muscle contraction, mucus hypersecretion, the formation of oedema and
lymphocyte infiltration around bronchi. The pulmonary clearance is often compromised
because of the sloughing of ciliated epithelial cells raising the probability of secondary
infections (Aherne et al., 1970). Premature infants and immunocompromised patients
typically present with a serious lower respiratory tract illness, such as bronchiolitis and
pneumonia. RSV infections have been involved in asthma exacerbations where asthmatics
usually experience exaggerate the inflammatory response during concurrent viral infection

(Hashimoto et al., 2004).
1.5 The immune response of airway epithelium to RSV infection
1.5.1 Structure of airway epithelium

The prime target of RSV infection is AECs, however, RSV can also infect other innate
immune cells, such as dendritic cells (DC) and alveolar macrophages (AMs) (Marr et al.,
2013). Depending on their locus, airway epithelium is categorized into bronchial
epithelium (ciliated, secretory, Clara and basal cells) and alveolar epithelium (Type |, Type
Il cells). These cells work cooperatively to maintain the homeostasis in the airway and lung.
The key cell type in the airway is ciliated epithelial cells, accounting for 50% of all
epithelial cells. These cells harbour a maximum of 300 cilia per cell and have numerous
mitochondria to produce the required energy for the effective mucus clearance via
coordinated, directional cilia beating (Boers et al., 1998). Goblet cells are among the
secretory cells of the respiratory tract that are characterized by electron-lucent acidic-
mucin granules bounded to the apical membrane. These cells secrete mucus in order to
trap foreign objects in the airway lumen. The normal human trachea has around 6800
goblet cellsymm’ of the epithelial surface (Tam et al., 2011). Mucus cell hyperplasia
commonly occurs in Asthma and COPD and is accompanied by continuous cough in these
diseases (Knight and Holgate, 2003). Clara cells are located in bronchial and bronchiolar
airways and secrete antiproteases and surfactant. Besides, they serve as a progenitor for
both mucus-secreting and ciliated cells (Hong et al., 2001). Basal cells are frequent in the
conducting epithelium that comprises about 50% in large airways and 81% in small
airways (Tam et al., 2011). Similar to Clara cells, basal epithelial cells can differentiate into

ciliated and mucous epithelial cells (Hong et al., 2004). The alveolar epithelium is
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Figure 1.5| Replication of Respiratory Syncytial Virus in the lung epithelium.
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comprised of two cell types, alveolar epithelial type | cells that form a very thin lining
covering 95% of the human alveolus surface, and type Il secretory cells that can also

transdifferentiate into type | cells (Weibel, 2015).
1.5.2 The barrier function of the epithelium during viral infection

A healthy lung environment depends on the integrity and barrier functions of airway
epithelium. This integrity is maintained by the apical junctional complex (AJC) that are
formed of adherens and tight junctions. AJC governs the transfer of airborne environmental,
microbial and viral antigens in the airways lumen to the underneath tissue and immune
cells (Vareille et al., 2011). The clearance of inhaled foreign material and pathogens
depends on the combined action of airway surface liquid (ASL), cilia and mucus
(Bustamante-Marin and Ostrowski, 2017; Miura, 2019). Severe respiratory disease
following viral infection has been reported in genetic polymorphism that negatively
impacts the epithelial integrity (Zhang et al., 2016; Loxham and Davies, 2017). Early reports
demonstrated that airway ciliated epithelial cells were the major locus for RSV replication
(Henderson et al., 1978; Wright et al., 1997). RSV replication in human airway epithelial
cells occurs at the apical cell surface of airway ciliated epithelial (Zhang et al., 2002;
Wright et al., 2005). Furthermore, recent observations indicated that cilia might be a
primary site of RSV morphogenesis (Smith et al., 2014; Jumat et al., 2015). In addition to
preferential infection of ciliated cells via the apical membrane, RSV was shed exclusively
from the apical surface and spread by the motion of the cilial beat to neighbouring

epithelial cells (Zhang et al., 2002).

RSV infection has been shown to impair the mucociliary clearance of pathogens
due to the accelerated ciliated cells loss, an effect that requires around 14 weeks to return
to a normal state (Wong et al., 2005; Smith et al., 2014). Intriguingly, the integrity of
epithelium has not greatly impacted by RSV infection. Indeed, RSV infection has
upregulated the junctional proteins like Claudin-4 and Occludin while has no effect on
others like E-cadherin, Junctional Adhesion Molecule A Protein JAM-A) and Zonula
occludens-1 (ZO-1) (Masaki et al., 2011; Guo-Parke et al., 2013). These results indicate

that the epithelium barrier function is not heavily disrupted in response to RSV infection.
1.5.3 Viral detection by pattern-recognition receptors (PRRs) of the epithelium

RSV infection elicits weak adaptive immunity and, hence, the innate immunity has
a vital role in the host defences against the virus (Hall et al., 1991b; Martin et al., 2006).

The principal component of the innate immunity system is the pattern recognition
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receptors. The PRRs detect invading pathogens and subsequently activate the innate
immune response as the first defence line against those pathogens. The PRRs recognize the
highly conserved pathogen-associated molecular pattern (PAMPs) in microbial nucleic
acids, proteins, carbohydrates or lipids. In addition, they can recognize danger-associated
molecular patterns (DAMPs), which are danger signals released from dying or necrotic
cells. Binding of PRRs to PAMP-containing molecules trigger signalling cascades that
ultimately result in the production of proinflammatory and antiviral cytokines. Secretion
of these cytokines recruits natural killer (NK) cells and neutrophils at the infection site to

eliminate pathogenic microbes and infected cells (Chow et al., 2015).

PRRs are primarily expressed by phagocytic, antigen-presenting-cells like
macrophages and dendritic cells in addition to airway epithelium. Three main PRRs
families are implicated in the recognition of viral infections; the membrane-associated TLRs
and the cytosolic retinoic acid-inducible gene I-like helicase receptors (RLRs) and
Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). The TLR system
and RNA helicases confer antiviral responses where TLRs patrol the extracellular and
endosomal compartments while melanoma differentiation-associated gene 5 (MDA5) and
RNA helicases retinoic acid-inducible gene | (RIC-I) and survey the cytoplasm for the
presence of viral RNAs (Kato et al., 2005). To date, 10 TLRs, 3 RLRs and 23 NLRs have
been characterized in humans. Figure 1.6 summarizes the different PRRs implicated in RSV
sensing. This section will only focus on the PRRs implicated in the innate immune response

against RSV virions.
1.5.3.1 Toll-like Receptors (TLRs)

TLRs are a profound family of PRRs that detect various microbes and subsequently
trigger the transcription of proinflammatory cytokines and antiviral type-I
IFNs. Structurally, TLRs have a large horseshoe-shaped extracellular domain containing
leucine-rich repeats (LRRs) that detect specific PAMPs, a transmembrane-spanning domain
and a cytoplasmic signal-transduction tail with a conserved region named the Toll/IL-1
receptor (TIR) domain (Carty and Bowie, 2010). TLRs are predominant in tissues with
immune function as blood leukocytes and spleen in addition to tissues with direct contact
with the external environment as the gastrointestinal tract and lung. Different TLRs have
been identified, ten in human (TLR1 to TLR10) and twelve in mice (TLR1 to TLR9, TLR11,
TLR12 and TLR13). All TLRs are anchored to the plasma membrane except for TLR3, TLR7
and TLR9 that are localized in the endosome (Kawai and Akira, 2011). Table 1.1 lists
different TLRs and their legends.
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1.5.3.1.1 TLRs expression profile in the airway epithelium

TLR1 to TLR6 and TLR9 are expressed in AECs where their activation triggers the expression
of diverse chemokines, cytokines and antimicrobial peptides. Loannidis and coworkers
have studied the spatial distribution of individual TLR in the airway epithelium (loannidis
etal., 2013). They reported that each TLR had its unique expression pattern and distribution
on tracheal epithelial cells which is likely to contribute to the regulation of AECs innate
response to commensal and pathogenic microorganisms in the pulmonary tract. As shown
in Figure 1.7 B, TLR1 and TLR3 were detected on the surfaces and in the cytoplasm of
epithelial cells throughout the whole width of the pseudostratified epithelium. TLR1
expression was more conspicuous on the apical surface of the tracheal epithelium. TLR3
was mainly expressed on the apical and basal mucosal surface. TLR2 and TLR6 showed a
predominant basolateral distribution that may limit their interactions with PAMPs unless
the epithelial barrier integrity is compromised. Although TLR2 was weakly expressed, TLR6
showed an intense basolateral staining. TLR4, TLR5, TLR7, TLR9, and TLR10 were weakly
expressed in the apical surface of the tracheal mucosa; terminal plates and cilia. While
TLR3, TLR7, and TLR9 are commonly expressed in the endosomal compartments of
dendritic cells (Caramori et al., 2006; Blasius and Beutler, 2010), they were expressed both
intracellularly and on the cell surfaces of AECs. These findings imply a tissue-specific
distribution of TLRs. As demonstrated in Figure 1.7 C, in hAEC cultures, TLR1 and TLR3
demonstrated both apical and basolateral expression on the cell surface and in the
cytoplasm. TLR2 and TLR6 were predominantly localized in the basolateral surface with
only some apical expression. Expression of TLR4, TLR5, TLR7, TLR9, and TLR10 was
mainly observed on the surface of the apical cells, especially in the terminal bars or in the
cilia. No TLR8 expression was detected. Loannidis and coworkers suggested that the
expression pattern of all TLRs in hAEC cultures corroborated findings from the trachea
(loannidis et al., 2013). The morphology and differentiation of airway epithelium are
crucial determinants to infection susceptibility and the elicited immune response. When
AECs are cultured under air-liquid interface (ALI), they are differentiated into ciliated cells
and become more resilient to viral invasions and elicit less exacerbated inflammatory
responses (Lopez-Souza et al., 2004). Second, the apical surfaces of differentiated AECs are
covered with mucin that has been shown to repress TLR signalling (Ueno et al., 2008;
Ballester et al., 2021). Third, the differentiated epithelium allows for polarized positions of
diverse receptors, e.g. IFN-a/B receptors giving a more real mimic to the microenvironment

of airway epithelium in vivo (Ciencewicki et al., 2009).
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Table 1.1 | Different types of TLRs and their PAMPs and DAMPs legends.
Adapted from (Narayanan and Park, 2015)

TLR Localization/ Cell PAMPs DAMPs Signal Response
Expression Adaptor
TLR1 & TLR2  Cell surface/ Lipopolysaccharides (LPS) e Proteoglycans (Versican, TIRAP, Inflammatory
Monocytes, Macrophages, Peptidoglycans Hyaluronic Acid fragments) MyD88, cytokines
Dendritic cells, B cells Triacylated lipoproteins ° High mobility group pro’[eins Mal
TLR2 & TLR6  Cell surface/ Diacylated lipoproteins (HMGBT1)
Monocytes, Macrophages,  (FSL-1) e Heat Shock Proteins (Gp96, HSP
Mast cells, B cells 60, 70)
TLR3 Endosomes/ dsRNA (poly (I:C) mRNA TRIF Inflammatory
B cells, T cells, Natural tRNA, siRNA tRNA cytokines,
Killer cells, Dendritic cells typel IFN
TLR4 Cell surface/ Lipopolysaccharides (LPS) Heat Shock Proteins TRAM, TRIF  Inflammatory
endosomes Paclitaxel (HSP22, 60, 70,72, Gp96) TIRAP, cytokines,
Monocytes, Macrophages, High mobility group proteins MyD88 typel IFN
Dendritic cells, Mast cells, (HMGBT1) Mal
Intestinal epithelium Proteoglycans
(Versican, Heparin sulfate,
Hyaluronic Acid fragments)
Fibronectin, Tenascin-C
TLR5 Cell surface/ Flagellin MyD88 Inflammatory

Monocytes, Macrophages,
Dendritic cells, Intestinal
epithelium

cytokines
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TLR Localization/ Cell PAMPs DAMPs Signal Response

(continued) Expression Adaptor

TLR7 Endosomes/ ssSRNA ssSRNA MyD88 Inflammatory
Monocytes, Macrophages, Imidazoquinolines (R848) cytokines,
Dendritic cells, B cells, Guanosine analogues typel IFN
AEC (Loxoribine)

TLR8 Endosomes/ ssRNA, ssRNA MyD88 Inflammatory
Monocytes, Macrophages, Imidazoquinolines (R848) cytokines,
Dendritic cells, Mast cells typel IFN

TLR9 Endosomes/ CpG DNA Chromatin 1gG complex MyD88 Inflammatory
Monocytes, Macrophages, CpG ODNs cytokines,
Dendritic cells, B cells, T typel IFN
cells

TLR10 Endosomes/ profilin-like proteins MyD88 Inflammatory

Monocytes, Macrophages,
Dendritic cells

cytokines
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Figure 1.7| Pattern of TLRs expression and localization in the human airway epithelium.
A, A schematic diagram illustrating the different TLRs in the airway epithelium, the size of
TLRs is proportional to their abundance in the epithelial cells. TLR distribution in the airway
epithelium of the human trachea (B) and human primary airway epithelial cells (AEC)
cultures (C). Different TLRs are visualized by immunofluorescence utilizing anti-human
TLR-specific antibodies. The apical surface is on the top (loannidis et al., 2013).
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1.5.3.1.2 TLR signalling pathways

TLR signalling pathways are classified into two different pathways according to
which cytosolic adaptor protein used; Myeloid Differentiation factor 88 (MyD88) or TIR-
domain-containing adaptor protein inducing interferon- 8 (TRIF). All TLRs utilize MyD88
to transduce signal when binding to its ligand; except for TLR3 that harnesses TRIF for
signalling (Figure 1.8) (Takeuchi and Akira, 2010).

The MyD88-dependent pathway starts with MyD88 recruitment to the TIR domain
that comprises the cytosolic tail of TLRs in response to TLRs ligands binding. MyD88 then
binds to the N-terminal death domain of ILT1R-associated kinase (IRAK)-4 leading to its
activation. The activated IRAK-4, in turn, stimulate the activation of other family members
of IRAK including IRAK-1 and IRAK-2. After detaching from MyD88, IRAKs interact with
TNF receptor-associated factor (TRAF-6) which interacts with TGF-B-activated kinase 1
(TAK1) afterwards. The activated TAKT interact with the inhibitory kB (IkB) kinase (IKK)
complex with subsequent phosphorylation of the NF-kB binding protein (IkBa/B). The
proteasome then degrades the IKBa/ complex to liberate the transcription factor NF-B.
Following translocation of the free NF-kB to the nucleus, it stimulates transcription of
proinflammatory cytokine genes including CXCL8. Beside its interaction with IKK complex,
TAK1 also interact with MAPK and activate the downstream cascades that lead to activation
of AP-1. Activated AP-1 then move to the nucleus to elicit the transcription of the

proinflammatory cytokine genes (Loiarro et al., 2010).

The TRIF-dependent pathway begins when TLR3 binds to its ligand; dsRNA. The
cytosolic tail of TL3 recruits the adaptor protein TRIF (Figure 1.8). TRIF then bind to TNF
receptor associated factor 3 (TRAF3), which then activates the TRAF family member-
associated NF-kB activator (TANK)-binding kinase 1 (TBK1) and IkB kinase € (IKKe). The
two IKK-related kinases, in turn, phosphorylates IRF3 and induce its homodimerization.
IRF3 homodimer, in turn, enters the nucleus, binds to IFN-sensitive response elements
(ISREs) and triggers transcription of type | IFNs like IFN-B. Additionally, TRIF can also bind
to TRAF6 and receptor-interacting protein 1 (RIP1) with the subsequent activation of the
transcription factors NF-xB and AP-1. After translocation to the nucleus, they trigger the

transcription of pro-inflammatory cytokines genes (Kawai and Akira, 2011).
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Figure 1.8| Toll-like receptor signalling pathway.
Modified from (Patel et al., 2012)

1.5.3.1.3 Recognition of viral protein capsid by TLR2

TLR2 is a cell-surface TLR that requires heterodimerization with either TLR1 or
TLR6 to function. TLR2 can recognize viral proteins, e.g. as human cytomegalovirus (CMV)
glycoproteins B and H, measles virus hemagglutinin protein, Hepatitis C virus (HCV) core
and NS3 proteins and Epstein-Barr virus (EBV) UTPase with subsequent formation of
proinflammatory cytokines and chemokines via the MyD88 mediated pathway, as
previously mentioned in section 1.5.3.1.2 (Shimojo et al., 2006; Murawski et al., 2009;
Kawai and Akira, 2011). Several reports have demonstrated the upregulated TLR2
expression in airway epithelial cells after RSV infection (Arnold and Konig, 2006; Liu et al.,
2007). Moreover, TLR2-blocking antibodies have diminished the induction of
proinflammatory cytokines in airway epithelium following exposure to heat-inactivated
RSV (Inoue et al., 2006). Following RSV infection, peritoneal macrophages isolated from
TLR2- or TLR6 knockout (KO) mice have shown a diminished secretion of proinflammatory
cytokines and chemokines compared to their wild-type counterparts (Murawski et al.,
2009). Indeed, RSV-infected TLR2-deficient mice have shown uncontrolled viral

replication and impaired dendritic cell activation and neutrophil migration in the lung.

26



CHAPTER 1: General Introduction

Previous studies have highlighted a crucial function for TLR2 in RSV-antiviral immunity,

however how TLR2 recognizes RSV virions remains unclear (Kim and Lee, 2014).
1.5.3.1.4 Recognition of viral double-stranded RNA by TLR3

TLR3 is an endosomal PRRs that can recognize double-stranded RNA (dsRNA) that
is found in the dsRNA viruses genome. As discussed in section 1.5.3.1.2, TLR3 signalling
is the TRIF-dependent and leads ultimately to the expression of type | IFNs and IFN-
inducible genes by phosphorylation. Bermejo-Martin and colleagues (2007) have
suggested the involvement of toll-IL-1 receptor domain-containing adaptor inducing TRIF
that activate NF-kB and IRF-3 pathways, and successively potentiate the expression of IFN-

B, C-C motif ligand 5 (CCL5), CXCL10 and CCL12.

Although RSV has a single-stranded RNA (ssRNA) genome, it forms a double-
stranded intermediate during its replication cycle in the cytosol. When engulfed by the
endosome, the dsRNA replication intermediate is recognized by TLR3 (Aeffner etal., 2011).
TLR3 expression is upregulated in RSV-infected airway epithelium, hence, sensitize the
epithelial cells to later exposure to viral dsRNA via promoting IL-8 production and NF-kB-
related inflammation (Groskreutz et al., 2006). Dou et al. reported that TLR3 activation
and production of TNF-a held responsible for severe clinical RSV syndrome in mouse lung
(Huang et al., 2009; Dou et al., 2013). Downregulation of TLR3 dampens the amounts of
released chemokines including CCL-5 and CXCL10 released in response to RSV infection
compared to mock cells with no impact on RSV infection and replication (Rudd et al.,
2005). Taken together, TLR3 likely has an adjunct role in RSV sensing and initiation of the

innate immunity but is not required for viral clearance.
1.5.3.1.5 Recognition of viral Fusion protein by TLR4

TLR4 is among the TLRs residing on the cell surface. It detects LPS of gram-negative
bacteria. TLR4-mediate signals through MyD88- or TRIF-dependent pathways. The
downstream expression of NF-kB triggers a cascade of inflammatory and innate immune

responses, as illustrated in section 1.1.1.1.1 (Zeng et al., 2012).

TLR4 is the first PRR shown to be involved in RSV recognition. An in vitro study has
identified the interaction the purified RSV fusion protein F with TLR4 utilizing cluster of
differentiation 14 (CD14) as a co-receptor (Hinck et al., 1996; Kurt-Jones et al., 2000b).
RSV infection upregulates the expression and membrane localization of TLR4 in airway
epithelium (Monick et al., 2003). RSV-TLR4/CD14 interaction elicits production of
proinflammatory cytokines, such as TNF-a, IFNs, p35, CCL8 and interleukins 8, 10, 12 &
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18, by airways epithelium (Numata et al., 2010). In infants with RSV bronchiolitis, blood
monocytes have shown upregulated TLR4 expression that correlated to the disease severity
(Gagro et al., 2004). TLR4-deficient mice (C57BL10/ ScCr) has shown impaired CD14" and
NK cells recruitment, weakened NK function, diminished inflammatory cytokine
expression and prolonged viral clearance in the lung following RSV infection (Haynes et
al., 2001). Another report has claimed that the early NF-kB response induced by RSV
infection was primed on TLR4 expression in the lung of TLR4-deficient mice (C3H/He))
(Haeberle et al., 2002). Nevertheless, TLR4-deficient mice (C57BL10/ScN and BALB/c LPS)
have shown contradictory results. The diminished TLR4 expression has no impact on RSV-
induced NK cell and other pulmonary inflammatory cells recruitment or activity and has
not affected RSV viral clearance (Ehl et al., 2004). Another study has argued against the
role of TLR4 in innate immunity against RSV. This study has reported that direct interaction
of the human TLR4 with the intact RSV virions, not the purified RSV F protein, has no
impact on RSV-induced NF-kB activation, viral entry, or replication (Marr and Turvey,
2012). Hence, the contribution of TLR4 in RSV sensing and immunity initiation is still

inconclusive despite the great effort made to date.

1.5.3.1.6 Recognition of viral single-stranded RNA by TLR7

TLR7 and TLR8 are structurally-related TLRs sharing the same endosomal
localization. TLR7 is expressed mainly in lung, spleen and placenta whilst TLR8 is mainly
expressed in lung and peripheral blood leukocytes, particularly monocytes (Xagorari and
Chlichlia, 2008). The ssRNA of viruses are natural ligands of TLR7 and 8 (Heil et al., 2004;
Lund et al., 2004). The sequence specificity of targeted ssRNA remains poorly defined.
ssRNA with poly(U)- or GU-rich sequences or synthetic small interfering RNA (siRNA) with
a 5'-UGUGU-3" internal motif have been shown to activate TLR7 and 8. Since GU-rich
sequences may be found in host RNAs, localization of viral RNAs to the endosome seems
to be a molecular signature (Hornung et al., 2008). The nucleoside modification level is
another factor to discriminate the host RNAs and the viral ones. Unlike the mammalian
RNAs that are abundant in modified nucleosides, the viral RNAs are rarely modified (Karikd
etal., 2005).

RSV virions possess ssRNA genome, hence it can be recognized by TLR7. Following
engulfment of RSV virion particles by endocytosis, the viral envelope and capsid proteins
are digested by host cell enzymes. Inside the endosomal vacuole, the released RNA from
internalized virions is detected by TLR7 (Reis e Sousa, 2007). Following nucleic acid

recognition, TLR7 recruits the adapter MyD88 that in turn complexes with IRAK1/4 and
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TRAF6. These interactions result ultimately in NF-kB activation and the secretion of
proinflammatory cytokines and chemokines, as discussed in section 1.1.1.1.1 (Lindell et
al., 2009).

The interaction between RSV with TLR7 signalling pathway has first been detected
in human plasmacytoid dendritic cells (pDCs) (Schlender et al., 2005). In mice infected
with a pneumonia virus of mice (PVM), a mimic to RSV, the induction of IFN | and
proinflammatory cytokines in pDCs, as well as CD8+ T cell response, are mediated by
TLR7-MyD88 pathway (Davidson et al., 2011). Another study has reported upregulated
TLR7 expression in eosinophil recruited to the lung after RSV infection. Recognition of viral
ssRNA by TLR7 has resulted in the activation and degranulation of eosinophil to promote
viral clearance (Phipps et al., 2007; Kvarnhammar and Cardell, 2012; Flores-Torres et al.,
2019). Furthermore, upregulated TLR7 expression has been observed in lung cells from
RSV-infected BALB/c mice with consequent NF-kB activation (Huang et al., 2009). The
crucial role of TLR7 in RSV sensing and initiation of innate immunity was further supported
by silencing experiments. TLR7”~ mice have developed a more pathogenic response in the
lung during RSV infection including mucus overproduction and pulmonary inflammation.
This pathology was attributed to the altered T cell responses resulting in increased secretion
of mucogenic cytokines namely IL-4, IL-13 and IL-17. Neutralization of IL-17 in the same
mouse model has alleviated the mucogenic response in the lungs upon RSV infection
(Lukacs et al., 2010). Therefore, in absence of TLR7-mediated immune response, RSV
infection may lead to significant remodelling of airway epithelium and goblet cell hyper-
or metaplasia.

1.5.3.2 Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs)

TLRs have a limited ability to detect viruses since they are only expressed in limited
cell types and survey only the extracellular space. On the contrary, the RLRs are expressed
in most cell types (Chow et al., 2015). To date, three RLR members have been defined;
RIG-I, MDA5 and laboratory of genetics and physiology-2 (LGP2) (Kawai and Akira, 2009).
Both MDA5 and RIG-I have two N-terminal caspase-recruitment domains (CARDs), a
DExD /H-box RNA helicase domain, and a C-terminal repressor domain (RD). The helicase
domain and RD recognize viral RNAs, while the CARDs trigger intracellular signalling
cascades (Yoneyama and Fujita, 2010). Both MDA5 and RIG-I detect the cytoplasmic
dsRNA, however, they can distinguish their specific ligands by size; MDAb recognizes long
dsRNA, whereas RIG-I discriminates 5'-triphosphate ssSRNA and short dsRNA (Kato et al.,
2008). The third member of RLR family; LPG2, shares the same structure of MDA5 and
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RIG-I but lacks any CARDs. Since LGP2 lacks a CARD, it was first postulated to acts as a
negative regulator of RIG-1/ MDAG signalling. One report using LGP2 deficient mice have
shown elevated induction of INF | upon exposure of Poly I:C while LGP2 overexpression
has inhibited the Newcastle disease virus and Sendai virus signalling (Rothenfusser et al.,
2005). However, another report has reached a contradictory conclusion that LGP2
enhances viral RNA recognition by MDA5 and RIG-I via its ATPase domain (Satoh et al.,
2010). Therefore, the role of TPG2 as a positive or negative regulator in RLR signalling still

needs more clarification.

RIG-I and MDA-5 share the same signalling pathway although recognizing different
ligands (Figure 1.9). Following viral RNAs detection, MDA5 and RIG-I employ an adapter
protein known as mitochondrial antiviral signalling (MAVS) or IFN-f8 promoter stimulator-
1 (IPS-1). MAVS possess a N-terminal CARD that is homologous to the first CARDs of RIG-
I and MDAG5 utilized in CARD-CARD interaction. This protein is localized to the outer
membrane of mitochondria, adding an immune function to the mitochondria besides their
original metabolic roles. The activated MAVS harness tumour necrosis factor receptor |
(TNFRI) associated death domain (TRADD) protein. TRADD in turn complexes with a death
domain kinase, RIP1, Fas-associated death domain-containing protein (FADD) and TRAF3
(Sun and Lépez, 2017).

Downstream of TRAF3, kB kinases (IKK); IKKapB, TBK1 and inducible IkB kinase
(IKK-i), are activated. IKKaf3 phosphorylates the inhibitory IkBa protein resulting in the
dissociation of IkBa (inhibitor of kappa B) from NF-kB. The released NF-kB migrates to the
nucleus and induces the expression of cytokine. On the other hand, TBK1 and IKKe activate
IRF-3 and IRF-7 and induce their homo- and heterodimerization. IRF-3/~7 homo- and
heterodimers migrate to the nucleus where they bind to IFN-sensitive response elements
(ISREs) and trigger the expression of type | IFNs and IFN-inducible genes(Sun and Lépez,
2017). Ling et al. (2009) have stated that RSV NS1 and NS2 can hinder the RIG-1
interaction with MAVS through binding to the CARD leading to repression of RIG-I-induced
IFN pathway. These findings imply the crucial role of RIG-I-MAVS pathway in the innate

immunity to virion particles.

Literature provides several pieces of evidence for the vital role the cytosolic
receptor RIG-I plays in the replication-dependent detection of RSV. RIG-I colocalized with
RSV genomic RNA throughout the early phase of infection in A549 cells (Kuenzel et al.,
2010; Yoboua et al., 2010a; Lifland et al., 2012). A combined ultraviolet (UV)-crosslinking
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and immunoprecipitation assay has also confirmed the physical interaction with the RSV
N transcript when RIG-I ectopically expressed in A549 cells (Kuenzel et al., 2010). The
role of RIG-I in RSV sensing was further proven by silencing experiments. In RIG-I-silenced
cells, RSV failed to trigger the NF-kB and IRF-3 transcription factors during the early stage
of infection and hence block the downstream formation of IFN-B, chemokine CCLS5,
interferon-stimulated genes (ISGs) and thymic stromal lymphopoietin (TSLP) (Liu et al.,
2008; Kuenzel et al., 2010; Yoboua et al., 2010a; Lee et al., 2012a). Similarly, knockdown
of MDAS5 in A549 cells has diminished RSV-induced NF-kB activation. Intriguingly, MDA5
activates NF-xB by a yet uncharacterized pathway alternative to the classical one triggered
by RIG-I (Yoboua et al., 2010a; b). Unlike RIG-I, the physical interaction between RSV
nucleic acids and MDA5 has not yet been confirmed. In line with the role of RLRs,
knockdown of the adaptor MAVS, the adaptor that transmits the signal immediately
downstream of RLRs, also revokes NF-kB activation (Yoboua et al., 2010a; b). These

findings endorse the conserved role of RLRs in RSV sensing.
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Figure 1.9| RIG-1-Like receptor signalling pathway.
Modified from (Shrivastav and Niewold, 2013)
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1.5.3.3 Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs)

NLRs are a major type of cytosolic PRRs that sense viral ssRNA and trigger innate
immune activation. Structurally, the NLRs have three domains; the N-terminal effector, a
central nucleotide-binding (NBD) domains and C-terminal LRR. The LRR domain is the
sensor region of the NLRs. A NACHT [NAIP (neuronal apoptosis inhibitory protein), CIITA
(MHC class Il transcription activator), HET-E (incompatibility locus protein from Podospora
anserina) and TP1 (telomerase-associated protein)] protein is located centrally and
mediates activation and oligomerization of NLRs. The N-terminal effector-binding domain
signals downstream following activation and oligomerization of the NLRs (Fritz et al., 2006;
Kuenzel et al., 2010; Jensen and Thomsen, 2012). Four effector domains have been
characterized in NLRs; CARDs, pyrin domains (PYDs), a baculoviral inhibitor of apoptosis
repeat (BIR) domains, or the acidic transactivator domain. Twenty-two human NLRs have
been discovered to date. According to the effector domain, NLR can be divided into four
subfamilies: NLRA (having acidic transactivating domain), NLRB (having BIR domains),
NLRC (having CARD), and NLRP (having PYD).

NOD?2 is a profound member of the NLRC subfamily with two CARD domains on
its N-terminal. NOD?2 acts as a general sensor for a bacterial invasion via recognizing the
muramyl dipeptide structures found in all bacterial species. NOD2 activation by their
legends induces conformational changes that allow for the interactions between the CARD
domains of NOD2 and receptor-interacting serine/threonine kinase (RICK). Once activated,
RICK induces ubiquitinylation of IKKy that in turn phosphorylate IKKB and its downstream
IkB leading to its proteasomal degradation. These cascades result in the release of NF-«kB
form kB and NF-kB translocation to the nucleus and then promote the transcription of

interleukins IL-18, -8, -10 and a-defensins (Zeng et al., 2012).

Numerous reports have pointed towards the important role of NODs in the immune
response against RSV, influenza A virus, and parainfluenza virus 3 making NOD?2 the only
NLRs to respond to viral invasions. Sabbah and colleagues have given the first evidence
that NOD?2 in the human bronchial epithelium can sense viral ssRNA and elicit an antiviral
response (Sabbah et al., 2009). NOD2 expression has been shown to increase 2hr post RSV
infection with subsequent IFN production. NOD2-KO mice have experienced enhanced
RSV pathogenesis and greater lung pathology, compared to their wild-type counterparts.
Primary RSV infection of human peripheral blood monocytes has upregulated NOD2

expression and induced higher proinflammatory cytokines when stimulated with the
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bacterial muramyl dipeptide (MDP) (Vissers et al., 2012). Non-replicating RSV has failed
to induce mucosal immunity. However, beta propiolactone (BPL)-inactivated RSV has
induced stronger antigen-presenting cells (APCs) activation in vivo and induction of IgA in
the respiratory tract in vitro when supplemented with a TLR9 agonist [CpG
oligodeoxynucleotides (ODN)] and NOD2 ligands (L18-MDP). These results suggest that
NOD2/TLR9 ligands can induce RSV-specific immunity (Chen et al., 2009).

1.5.4 Epithelium-derived inflammatory mediators during RSV Infection
1.5.4.1 Secretion of inflammatory mediators

The airway epithelium release over 20 pro-inflammatory cytokines, chemokines, and
growth factors upon the interaction of RSV PAMPS with their corresponding epithelial cell
PRRs (Oshansky et al., 2010; Sun and Lépez, 2017). Additionally, the cytokines and
chemokines secreted during early RSV infection amplify and diversify of inflammatory
mediators during the rest course of infection in an autocrine (Patel et al., 1998). IL-6, CCL5,
CXCL8 and CXCL10 have been consistently detected in nasopharyngeal secretions of
children with RSV induced bronchiolitis (Hornsleth et al., 2001; Bermejo-Martin et al.,
2007; Murai et al., 2007; Kerrin et al., 2017). Genetic polymorphisms in genes coding
these cytokines are linked to severe asthma phenotype in infants (Hattori et al., 2011). In
addition to the aforementioned cytokines, the inflammatory mediators as TSLP, B-cell
activating factor (BAFF) and tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL) are implicated in modulating the inflammatory responses during RSV infection.
TRAIL sensitize epithelium to apoptosis hence it contributes to epithelial cells shedding
due to RSV infection (Kotelkin et al., 2003). TSLP is responsible for T,2-dominated immune
responses the development during RSV infection (Lee et al., 2012a), whilst BAFF has been
shown to modulate B-cell responses (McNamara et al., 2013a; b). Additionally, the airway
epithelium releases diverse growth factors such as granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF) and TGF-B, however, their
secretion patterns and functions are still underexplored especially in relation to RSV

infection (Lee et al., 2000; Dosanjh et al., 2003).
1.5.4.2 Autocrine signalling amplifies inflammatory mediator release

Cytokines and chemokines released in response to RSV infection are categorized into

primary and secondary cytokines. The secretion of primary cytokines is induced by the RSV
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infection whilst secondary cytokines are prompted by other inflammatory mediators. In the
context of RSV infection, CXCL8 and IL-6 expression are amplified via autocrine actions
of IL-Ta, IL-18 and TNF-a (Jiang et al., 1998; Patel et al., 1998). Neutralizing antibodies
against IL-1a, IL-18 and TNF-a diminish the secretion of IL-6 and CXCL8 following RSV
infection (Jiang et al., 1998; Patel et al., 1998). TNF-a release from RSV infected airway
epithelial cells, on the other hand, results in increasing CCL5 secretion (Das et al., 2005).
Among the primary cytokines released in RSV infection, IL-1a is the most potent in inducing
the expression of CXCL8 and IL-6 (Jiang et al., 1998; Patel et al., 1998). Intriguingly, the
secretion of CXCL8 during RSV infection is biphasic where TNF-a inhibits the CXCL8
secretion during the 24 h of RSV infection whilst amplify its secretion 48 h post-infection
(Fiedler et al., 1995; Patel et al., 1998; Mellow et al., 2004). The autocrine effects of IL-1«
and TNF-a on the release of inflammatory mediators from the airway epithelium are

depicted in Figure 1.10 (Glaser et al., 2019).

Autocrine signaling

1 l 1 CXCL8 CCL2 CCL5 CCL3
TNF-a 1 IL-6 CCL3 ccL1r  CXCL10
— IL-1a 1 CXCL8 CCL4
IL-1B CCL5
CCL7

=

Neutrophils Monocytes  Eosinophils ~ NK Cells

(2 hpi-144 hpi) (6 hpi-144 hpi) (12 hpi-144 hpi)
MPO and ROS  Cytokines/Chemokine MBP, ECP and Cytolysis
secretion, NETosis secretion EDN secretion

Figure 1.10| Cytokine and chemokine release from epithelial cells in response to RSV
infection.

Eosinophil Cationic Protein (ECP), Major Basic Protein (MBP), Myeloperoxidase (MPO),
Eosinophil-derived neurotoxin (EDN), reactive oxygen species (ROS).
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1.5.4.3 IFNs potentiate the release of cytokine and chemokine release from the

epithelium

Type Il interferons namely IFNAT and IL-29 are the chief interferons released by the
airway epithelium in response RSV infection (Carreno et al., 2007; Villenave et al., 2012;
Guo-Parke et al., 2013; Villenave et al., 2015). Nonetheless, the exact underpinning of IL-
29 induction and secretion kinetics during RSV infection downstream effects remain
elusive. However, the downstream effects of 1L-29 signalling involve Mx protein responses
(Villenave et al., 2015). Type | interferons (IFNo/B) trigger the expression of inflammatory
mediators. Yet, in vitro models of RSV-infected epithelial cells have shown limited
expression of IFNa and a better expression of IFN-B. Mouse models have reported major
secretion of type | INF from the alveolar macrophages (AM) following RSV infection
(Mackay et al., 2015b). Yet, Schijf et al. reported a significant secretion of IFN-B from RSV-
infected A549 cell lines in vitro (Badovinac et al., 2004). INF -B secretion has been cell
line-specific and depend on a high multiplicity infection (Klonowski et al., 2004; Carrefio
et al., 2007). Recent reports noted that type | IFN responses following RSV infection was
quite limited in differentiated primary airway epithelial cell cultures (Villenave et al., 2012;
Guo-Parke et al., 2013; Villenave et al., 2015). Nevertheless, it was recently shown that in
IFNARI knockout mice, the number of inflammatory mediators is substantially reduced
during RSV infection in the lungs of infected animals, suggesting that IFNa/B affects airway
epithelial cells in a paracrine fashion (Mackay et al., 2015a). Moreover, during RSV
infection, airway epithelial cells interact with other resident immune cells including
interstitial macrophages and dendritic cells, contribute to the inflammatory environment

(Schenkel et al., 2016).
1.5.5 Induction of oxidative stress during RSV Infection

Reactive oxygen species (ROS) are ubiquitous, highly diffusible, and reactive
molecules, including free radical superoxide (O,"), singlet oxygen ('O,), hydroxyl radicals
(OH"), perhydroxyl radicals (HO,") and hydrogen peroxide (H,O,) (Droge, 2002). These
species are generated upon one electron reduction of molecular oxygen (20, + 2e™—
20,¢7) and formation of the parent ROS O,"” (Halliwell and Gutteridge, 1999). Due to its
negative charge, the radical superoxide (O,") cannot diffuse across cellular membranes
and acts only at the site of production (Vlahos and Selemidis, 2014). One electron
reduction of O," produces hydrogen peroxide (20, + 2H* — H,O, + O,). H,0O, is

uncharged so it can penetrate cell membrane (Vlahos and Selemidis, 2014).
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Inside the cell, ROS are generated in the mitochondria, peroxisomes and
microsomes as by-products of the normal O, metabolism of or from dysfunctional enzymes
(Turrens, 2003; Bedard and Krause, 2007; Vlahos and Selemidis, 2014). The members of
NADPH oxidase (NOX) family function solely to generate ROS (Bedard and Krause, 2007;
Vlahos and Selemidis, 2014). The enzyme NOX2, a major source of O,", is highly
abundant in all cell types of the airways and in the residing alveolar macrophages or in the
phagosomes of neutrophils and macrophages recruited to the lungs upon inflammation
(Bedard and Krause, 2007; Vlahos and Selemidis, 2014; Singel and Segal, 2016). ROS at
low levels are crucial for regulation of redox-sensitive genes involved in proinflammatory,
immune responses and apoptosis (Droge, 2002). At excessive levels, ROS cause oxidative
stress, inflammation and tissue damage (Bedard and Krause, 2007; Vlahos and Selemidis,
2014). Hence, cells are well equipped with mechanisms to keep ROS levels under control.
The first mechanism aims at limiting the generation of the parent ROS O,"” and its
precursors, however it is crucial to balance the antiviral effects of ROS versus the
detrimental effects of high ROS levels (Droge, 2002; Bedard and Krause, 2007; Vlahos and
Selemidis, 2014). An alternative approach is via simple stoichiometric scavenging by
antioxidant molecules, such as vitamins A, C and E or the more complex antioxidant
enzyme systems including superoxide dismutase (SOD), glutathione peroxidase (GPX),
catalase, thioredoxins, and peroxiredoxins (PRDXs) (Droge, 2002; Bedard and Krause,

2007; Vlahos and Selemidis, 2014).

Oxidative stress plays a major role in the pathogenesis of RSV-associated lung
inflammatory diseases, as evident by the surge of markers of oxidative damage that
correlate to the disease severity in RSV-infected children (El Saleeby et al., 2011; Garofalo
et al., 2013). Both transcriptomic and proteomic studies analysing host responses to RSV
infection were able to detect virus-induced alterations in cell stress responses including
transcriptional, ER and oxidative stress at mRNA transcript (Janssen et al., 2007; Martinez
et al., 2007; Mayer et al., 2007; Mejias et al., 2013; Brand et al., 2015; Do et al., 2017;
Mariani et al., 2017) and protein levels (Brasier et al., 2004; Jamaluddin et al., 2010;
Munday et al., 2010a; Munday et al., 2010b; van Diepen et al., 2010; Ternette et al., 2011;
Hastie et al., 2012; Wu et al., 2012; Diepen et al., 2015; Munday et al., 2015; Zhou et al.,
2018). In addition, RSV infection of airway epithelial cells induced rapid production of
intracellular ROS with a concomitant modification of expression and/or activities of

antioxidant enzymes (Hosakote et al., 2009).
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A study examining how RSV infection drives the rapid production of ROS suggested
that macrophages are responsible for the oxidative damage to lung during RSV infection,
most likely via O,"” production through phagocyte NOX2 (Nguyen et al., 2016). Inhibition
of NOX2 activity or knocking down its expression significantly decreased ROS levels in
AECs following RSV infection confirming the role of O, -producing NOX2 in RSV-induced
oxidative stress (Fink et al., 2008). In addition, NOX2 depletion in RSV-infected AECs also
blocks IRF3 phosphorylation and its downstream antiviral responses and inhibits NF-kB
activation leading to blockage of the downstream expression of proinflammatory cytokines
and chemokines (Indukuri et al., 2006; Fink et al., 2008; Soucy-Faulkner et al., 2010).
Hence, RSV infection causes oxidative stress due to the increased ROS production via O,""-
producing NOX2, that activates the NF-kB and IRF3 signalling pathways producing

proinflammatory and antiviral responses.

Another mechanism through which RSV infection induces oxidative stress is
inhibition of antioxidant enzymes activity. This is evident from the reported reduction in
the expression and activity of the antioxidant enzymes SOD1/3, PRDXS6, GPXland
catalase in RSV-challenged mice and children with RSV-induced bronchiolitis (Hosakote
et al., 2011). How RSV infection interferes with the expression/activity of antioxidant
enzymes is believed to involve the nuclear factor erythroid 2 (NFE2)-related factor 2 (NRF2)
(Cho et al., 2009). NRF2 is a transcription activator that binds to the response element in
promoter region of the antioxidant enzymes (Jaiswal, 2004). Under basal conditions, NRF2
is cytoplasmic and bounded kelch-like enoyl-CoA hydratase (ECH)-associated protein 1
(KEAPT) (Jaiswal, 2004). KEAPT acts as an adaptor between NRF2 and cullin-3/RING box
protein 1 (CUL3/RBX1), a ubiquitination ligase that ubiquitinates NRF2 and promotes its
proteasomal degradation (Jaiswal, 2004). Oxidative stress promotes KEAP1 degradation
and hence release of NRF2 from the KEAP2/ CUL3/RBX1 complex (Jaiswal, 2004; Kaspar
et al., 2009). NRF2 then translocates to the nucleus and activates the transcription of
antioxidant enzymes to protect the cells from oxidative stress (Jaiswal, 2004; Kaspar et al.,
2009; Taguchi et al., 2011; Ma and He, 2012). RSV this mechanism via significantly
increasing the expression and activity of histone deacetylase (HDAC) 2, which then
deacetylases the nuclear NRF2 and targets it for proteasomal degradation. Dissociation of
NRF2 from the response element sites of the antioxidant enzymes genes supress their
transcription (Jamaluddin et al., 2005; Choudhary et al., 2009; Komaravelli et al., 2015;
Feng et al., 2016). Indeed, treatment of RSV-infected airway epithelium with HDAC2

inhibitors restored NRF2 nuclear localisation and mRNA levels of antioxidant enzymes
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(Komaravelli et al., 2015). In summary, RSV infection results in oxidative stress via
increased ROS production with the concomitant inhibition of antioxidant enzymes

transcription.
1.5.6 Role of mucus secretion in RSV pathogenicity

The inner lining of the respiratory tract is covered by a layer of a viscoelastic, gel-
like substance called mucus (Rose, 1992). The viscosity and acidity of mucus protect the
epithelial surface from energy and inhibits microbial attachment to the underlying cells.
The viscoelastic properties for mucus are attributed to mucin (MUC). Mucins are a family
of high molecular mass, heavily glycosylated macromolecules that are the main
components of mucus (Evans and Koo, 2009). Twenty-two MUC proteins are characterized
in human and classified according to their subcellular localization into two groups. The
membrane-bound mucins possess a transmembrane domain to attach them to the cell
membranes. This group includes MUC1, MUC3A/B, MUC4, MUC11, MUC12, MUCT13,
MUC15, MUC16, MUC17, MUC18, MUC20, MUC21, and MUC22. The second group is
secreted mucins and includes MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUCS8, and
MUC19. Apart from MUC6, MUC7, and MUC17, all mucins are expressed in the airways
(Hauber et al., 2006; Linden et al., 2008). Mucus overproduction is often observed in
inflammatory lung diseases like bronchial asthma, chronic obstructive pulmonary disease,
bronchiectasis, and cystic fibrosis (Hauber et al., 2006) in addition to several malignancies
like breast, gastric, colorectal, pancreatic, lung, small bowel, and ovarian cancers (Rakha

et al., 2005; Chauhan et al., 2009).

RSV is the leading cause of bronchiolitis and later stages of infection are
characterized by the airways blockage by mucus plugs containing mucus, fibrin, cellular
debris and lymphocytes (Pickles and DeVincenzo, 2015). In mice, RSV-induced lung
damage has been correlated to raised neutrophil infiltration and elevated levels of TNF-q,
a neutrophil recruitment factor that trigger the formation of MUC1 and MUC5AC (Hotard
et al., 2015). The RSV G protein has been linked to mucus secretion in RSV-infected mice
(Boyoglu-Barnum et al., 2013). This is believed to be triggered by the expression of type 2
cytokine, mainly IL-4, IL-5 and IL-13, and the chemokine MCP-1 (Zuhdi Alimam et al.,
2000). In RSV-infected mice, signalling through the chemokine receptor CXCR2 has
increased MUC5AC expression and in turn the mucus production (Miller et al., 2003).
Other studies have highlighted the role of IL-17, a pro-inflammatory cytokine secreted by

activated T cells, in mucus production in lung (Chen et al., 2003; Hashimoto et al., 2004).
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Lately, it has been reported that infecting A549 cells with the structurally-similar RNA
viruses; RSV and human metapneumovirus (hMPV), triggered differential expression of
MUC2, MUC5AC and MUC5B as well as membrane bound mucins (Banos-Lara Mdel et
al., 2015). To summarize, RSV infection can change the composition of infected airway
epithelium via increasing MUC5AC-secreting cells suggesting a crucial role of mucus

secretion in pathogenicity (Persson et al., 2014).
1.6 RSV-induced cytokine production and the pathophysiology of asthma

As discussed in section1.5.4, RSV infection triggers the production of a surplus of
pro-inflammatory cytokines and chemokines by airway epithelium, fibroblasts,
myofibroblasts, and leukocytes at infection sites. These cytokines are thought to be the key
mediators of complicated pathophysiological events in asthma including airway
remodelling (Kuo et al., 2011). Moreover, some of these cytokines have been reported to
render the epithelium insensitive to anti-inflammatory action of glucocorticoids: TNFa
suppress glucocorticoid transactivation in BEAS-2B cells and A549 cells (Rider etal., 2011);
IFN-A causes GC insensitivity through activation of the Janus kinase (JAK)-STAT signalling
pathways leading to GC resistance in ALI-differentiated primary human bronchial epithelial
cells (HBECs) and A549 cells (O'Connell et al., 2015); and IL-17 activates the PI3K
pathways that reduce HDAC2 activity leading to GC insensitivity in T6HBET140- human
bronchial epithelial cells (Zijlstra et al., 2012). Of the cytokines investigated to date, TGF-
B1 demands most attention due to its extraordinary capacity at picomolar concentrations
to induce glucocorticoid insensitivity in airway epithelial cells (Salem et al., 2012; Keenan

et al., 2014). Of relevance to this thesis, only TGF-B1 are summarised below.
1.6.1 Transforming growth factor-beta (TGF-p)

TGF-B proteins are among the TGF-B superfamily with 3 human isoforms
characterized to date: TGF-B1, TGF-2 and TGF-B3. TGF-B proteins are potent pleiotropic
cytokines that regulate various arrays of processes including cell proliferation,
inflammation, angiogenesis, autophagy, epithelial-to-mesenchymal transition and
apoptosis. TGF-Bs are produced by most cell types including epithelium, smooth muscle,
fibroblasts and other inflammatory cell types and can bind to decorin, collagen, elastin,
fibronectin and biglycan leading to TGF-Bs sequestration into the extracellular matrix
(Miyazono et al., 1993). The three TGF-f isoforms share 70-80% amino acid composition
and bind to the same receptors whilst induce non-identical signalling pathways.

Structurally, they have the same two cysteine-knotted monomers linked by a single
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disulphide bond (Hinck et al., 1996). TGF- molecules are secreted inactive as a part of a
latent complex with latency-associated peptide (LAP) fused to the N-terminal of form
mature TGF-B monomer. The small TGF-B-LAP complex is covalently bonded to a high
molecular weight latent TGF-f binding protein (LTBP). The liberation of TGF-B from this
large latent complex is achieved by either oxidation, acidification, proteolytic cleavage or
integrins-mediated tractions depending on the microenvironment (Tatler and Jenkins,

2012).

TGF-Bs signals via binding to a heterotetrameric receptor complex comprising of
two types | and two types Il transmembrane serine/threonine kinases. Binding of TGF- to
type Il receptor (TGF-B Rll) results in phosphorylation of type | receptor (TGF-B RI) which
then recruits and phosphorylates Mothers against decapentaplegic homolog 2 (Smad2)/
Smad3 or Smad1/Smad5 depending on cell type. Phosphorylated Smads then binds to
Smad4 before translocation to the nucleus. Smad proteins recruit chromatin remodelling
factors, DNA-binding transcription factors, co-repressor (CoR) and co-activators (CoA)
leading to the expression of several target proteins. In addition to Smad-dependent
signalling pathway, TGF-B signals through PI3K/Ak strain transforming (Akt)/mammalian
target of rapamycin (mTOR), Rat sarcoma (Ras)/MAPK, JNK, Ras Homolog Gene Family
Member A (RhoA)/ Rho-associated coiled-coil kinase (ROCK) and p38 MAPKSs in a context-
dependent and cell type-specific manner (Massague, 1990). These pathways collectively

contribute to the diverse cellular responses to TGF-Bs.
1.6.1.1 Role of TGF-Bs in asthma

A large cohort of studies has reported the increased levels of TGF-B1 and the
activation of TGF-B/Smad pathways in asthmatic patients (Rosendahl et al., 2001; Bossé
and Rola-Pleszczynski, 2007). TGF-B1 contributions to asthma pathogenesis have been
well-documented and questioned (Reviewed in (Al-Alawi et al., 2014; Aschner and
Downey, 2016). Elevated TGF-B1 levels in asthmatics result in recruitment of inflammatory
cells to the epithelium implying a possible role in the granulocyte activation and trafficking
(Gagliardo et al., 2013). Moreover, TGF-B1 elicits the release of pro-inflammatory
cytokines, including IL-6 and IL-8 from lung epithelium, airway smooth muscle cells and
fibroblast in asthmatics (Goulet et al., 2007; Ge et al., 2010). The physiological changes
seen in severe asthma have been in part contributed to TGF-f1 activity in the airways and
the coupled increase in oxidative burden (Michaeloudes et al., 2011). Moreover, TGF-B1is

a prime driver of airway remodelling since it induces epithelial cell apoptosis promotes
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epithelial-mesenchymal transition and induces the prefiltration of smooth muscle cells of

the airways (Undevia et al., 2004; James et al., 2012).

Other studies have focused on the contributions of other TGF-B isoforms to asthma
pathology. Elevated levels of TGF-B2 has been detected in bronchial mucosa and
bronchoalveolar lavage fluid from asthmatic patients (Balzar et al., 2005; Torrego et al.,
2007). Using neutralizing antibodies specific for each TGF-f isoform, TGF-B1 alone has
specifically triggered the macrophages recruitment and increased the sub-epithelial
deposition of decorin in a validated ovalbumin mouse model. On the contrary, TGF-B1
and TGF-B2 together have recruited lymphocytes and eosinophils coupled with the
increase in sub-epithelial deposition of collagen (Bottoms et al., 2010). The third TGF-8
isoform; TGF-B3 has shown no expression difference in asthmatic patients compared to
controls despite its expression in macrophages and bronchial epithelium (Torrego et al.,

2007).

A study investigating the intrinsic differences between the paediatric healthy and
asthmatic bronchial epithelium has detected the markedly diminished production of TGF-
B in Asthmatic epithelial cells compared to healthy nonatopic samples. This difference
was consistent over several passages indicating the independency on an in vivo
environment (Kicic et al., 2006). Given the crucial function of TGF-B1 in pAEC wound
repair in vitro, the blunted production of TGF-B1 by paediatric asthmatic epithelium
subsequently contributes to the dysregulated airway epithelial repair leading ultimately to
a defective airway epithelium; one of the fundamental factors of the development and

persistence of asthma (Ling et al., 2016).

1.6.1.2 TGF-B1 as an inducer of epithelial glucocorticoid resistance

Glucocorticoid treatment fails to decrease TGF-B1 levels in the airways of
asthmatics (Chakir et al., 2003; Yamaguchi et al., 2008). Moreover, the epithelial-to-
mesenchymal transition (EMT) triggered by TGF-B1 has not been inhibited in BEAS-2B,
A549 cell line or primary bronchial epithelium following glucocorticoid treatment
(Doerner and Zuraw, 2009; Salem et al., 2012). Our laboratory was the first to identify
TGF-B1 as a potent inducer of glucocorticoid insensitivity in airway epithelium. In 2012,
we reported findings made many years earlier indicating that TGF-B dampens GRE-
dependent transactivation and glucocorticoid regulation of IL-6 and IL-8 release in A549
cells, partly through decreased nuclear translocation of GRa. This observation was held

true in other cell types as TGF-B1 has impaired glucocorticoid regulation of thrombin and
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IL-1 stimulated GM-CSF release from BEAS-2B bronchial epithelial cells (Salem et al., 2012)
and air-liquid-interface differentiated human bronchial epithelial cells (Keenan et al.,
2014). Although inhibiting TGF-B1 activity in the airways could serve as a therapeutic
strategy to treat glucocorticoid-resistant asthma, its global inhibition carries known risks
including autoimmune diseases, mitral valve defects and increased cancer risks (Anderton
et al.,, 2011; Akhurst and Hata, 2012). Due to the beneficial pleiotropic effects of TGF-B1,
such as immunosuppression and proliferation modulation, TGF-B1 inhibition results in
acceptable benefits for only high-mortality cancer and idiopathic pulmonary fibrosis (IPF)
that outweighs the severe adverse effects, such as bleeding and skin disorders (reviewed in
Lachapelle et al. (2018). However, the burden of complications associated with TGF-f1
inhibition is too high especially with the long-term administration anticipated in case of
chronic respiratory diseases (Anderton et al., 2011; Akhurst and Hata, 2012). Therefore,
the identification of signals downstream of the TGF-f31 receptor that specifically suppress
the glucocorticoid activity may lead to safer therapeutic targets without disrupting multiple

vital physiologic functions of TGF-f31.
1.6.1.3 The interplay between RSV infection and TGF-f1 in airway epithelial cells

The first evidence for the interaction between RSV and TGF-B was provided by a
study that reported an approximately four-fold increase in RSV replication upon human
epithelial cells exposed to TGF-B (McCann and Imani, 2007). The beneficial TGF- effect
on RSV replication was attributed to cell cycle arrest (Gibbs et al., 2009); a well-known
function of TGF-B. The cytokine TGF-B activates a downstream signalling pathway that
arrest cell cycle at GO/G1 and G2/M phases (Laiho et al., 1990; Saltis, 1996; Desai et al.,
2002; Matsumoto et al., 2002; Davy and Doorbar, 2007). Gibbs et al. (2009) have observed
that pharmacological inhibitors of the cell cycle have augmented RSV replication. The
authors have also detected the secretion of TGF-f in its active form following RSV infection
and the reduced RSV replication upon treatment of epithelial cells with TGF-B1 receptor
blocker. These studies have generated the hypothesis that RSV harnesses TGF-B1 in the
lung epithelium to promote its replication leading to the exaggerated inflammatory
response during RSV infections seen in patients with asthma. The interplay between the
TGF-B1-induced cell cycle arrest and viral load may lead to a more severe and prolonged
infection. Besides, the cell cycle arrest of lung cells hinders lung repair leading to severe

bronchiolitis.
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It is acknowledged that asthma exacerbation is often caused by viral infections and
respond poorly to glucocorticoid therapy. Despite the clear correlation between TGF-f31
and glucocorticoid insensitivity, the contribution of this key cytokine in the RSV-induced

GC resistance is yet to be established.
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1.7 Hypothesis and aims

Respiratory syncytial virus is the main cause of paediatric bronchiolitis as well as a
leading trigger of exacerbations of chronic airway inflammatory diseases; including asthma
and COPD (Padem and Glick Robison, 2019). Although RSV-induced pathogenesis is
partly inflammatory, the potential benefits of glucocorticoids in modulating the disease
course remains doubtful (Ermers et al., 2009; Fernandes et al., 2013). Recent reports have
attributed glucocorticoids compromised therapeutic potential to RSV interference with GC
signalling precluding steroid responsiveness through mechanisms that are still far from
clear (Hinzey et al., 2011; Webster Marketon and Corry, 2013a; b; Webster Marketon et
al., 2014). Better insight into the mechanisms underlying GC insensitivity during RSV

infection may offer anchor points for new therapeutic strategies.

Since airway epithelium is the major site for viral infection and replication and the
crucial target for glucocorticoid therapy as well, we hypothesized that the emergence of
resistance may occur through epithelium activation by viral PAMPs with subsequent
release of cytokines, including TGF-B, which has a profound inhibitory effect on the

cellular responses to glucocorticoids.

This thesis aimed at contributing to bridging the above-mentioned knowledge gap
by:

¢ defining the contribution of TGF-$ in the RSV-induced GC resistance. The results of
this work are presented in Chapter 3.

e systematically evaluating the impact of activation of different PRRs involved in RSV
sensing by their respective ligands, on GC responsiveness in human bronchial
epithelial cells. The results of this work are presented in Chapter 3.

e characterizing the novel role of the casein kinase 1 /e (CK18/¢) inhibitor; PF670462,
in counteracting RSV-mediated attenuation of steroids response in the human airway
epithelial cells. The results of this work are presented in Chapter 3.

e confirming the intracellular signalling cascade involved in RSV-mediated ablation of
GC responsiveness in human airway epithelial cells. This was done by siRNA-
mediated gene silencing. The results of this work are presented in Chapter 4.

e ascertaining the impact of the CK18/¢ inhibitor; PF670462, on airway inflammation
in murine models of RSV infection and poly I:C acute lung injury. The results of this

work are presented in Chapter 5.
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2 General Methods

2.1 Cell Culture

2.1.1 Heat inactivation of foetal calf serum (FCS)

Foetal calf serum (Sigma-Aldrich, Castle Hill, NSW, Australia) was defrosted in a
37°C water-bath and then mixed thoroughly prior to heating at 56°C for 30 min. Heat-
inactivated foetal calf serum (HIFCS) was aliquoted under aseptic conditions and kept

refrigerated until use.
2.1.2 Regeneration of cell cultures from cryopreserved stock

Cryovials were removed from the liquid nitrogen storage tank and defrosted in a
37°C water-bath. The cryovial contents were transferred to a 15mL centrifuge tube
containing 5mL of HIFCS and spun down at 1500 rpm for 5 min to pellet the cells and
remove them from cryoprotectant cocktail. The supernatant was discarded, and the cells
were gently resuspended in 5 mL of culture medium. The cell suspension was transferred
to a sterile T25 flask and incubated at 37°C in humidified 5% CO,. Cells were allowed to
adhere overnight. The culture medium was then substituted with fresh pre-warmed culture

medium to get rid of residual Dimethylsulphoxide (DMSO) and dead cells.
2.1.3 Culture of BEAS-2B human bronchial epithelial cells

The BEAS-2B cell line was purchased from ATCC®; American Type Culture
Collection (CRL9609™, VA, USA). BEAS-2B cells, an adenovirus-12 SV40 hybrid virus-
transformed nontumorigenic human bronchial epithelial cells, were cultured as previously
described (Salem et al., 2012). Briefly, BEAS-2B were maintained in LHC-9 medium (Gibco
by Life Technologies) supplemented with 2% (v/v) HIFCS (Sigma-Aldrich, Castle Hill, NSW,
Australia), 2 mM L-glutamine (Sigma-Aldrich, Castle Hill, NSW, Australia), penicillin-
streptomycin 50 IU/mL and 50pg/ml respectively (Sigma-Aldrich, Castle Hill, NSW,
Australia), and maintained at 37°C in humidified 5% CO,. Cells were passaged twice a
week by washing confluent cell monolayers twice with pre-warmed Dulbecco’s
phosphate-buffered saline (DPBS) (Gibco by Life Technologies) then incubating with
trypsin (0.12% w/v) (Sigma-Aldrich, Castle Hill, NSW, Australia) for 5 min or until cells
detached. Trypsin was neutralized with complete LHC-9 medium and the cell count was
determined using a haemocytometer. Cells were then re-seeded at density of 8,000
cells/cm? in 75cm? flasks. Cells were kept up in culture till passage 40 before bringing up

fresh cells.

46



CHAPTER 2: General Methods

2.1.4 Culture of HEp-2 human epithelial type 2 cells

Human epithelial type 2 (HEp-2) cells (ATCC® CCL-23™) are the standard cell line
used for growth and quantitation of RSV. HEp-2 cells are originated from epidermoid

cancerous tissue from the larynx of a 56-year-old human male (Mahy, 2001).

HEp-2 cells were maintained in DMEM/Ham’s F-12 medium (Life Technologies,
10565-018) supplemented with 4% (v/v) HIFCS (Sigma-Aldrich, Castle Hill, NSW,
Australia), 10 mM HEPES (Sigma-Aldrich, Castle Hill, NSW, Australia), penicillin-
streptomycin 50 IU/mL and 50pg/ml respectively (Sigma-Aldrich, Castle Hill, NSW,
Australia), and maintained at 37°C in humidified 5% CO,. Cells were passaged twice a
week by washing confluent cell monolayers twice with pre-warmed DPBS (Gibco by Life
Technologies) then incubating with trypsin (0.12% w/v) (Sigma-Aldrich, Castle Hill, NSW,
Australia) for 5 min or until cells detached. Trypsin was neutralized with complete growth
medium. Cells suspension was spun down at 1500 rpm for 5 min to pellet the cells and
remove residual trypsin. Cells were resuspended in complete growth medium and sub-

cultured at a ratio of 1:20 in 75cm? flasks.
2.1.5 Freezing cell cultures for long term storage

Adherent cells from early passages were detached, pelleted at 1500rpm for 5min
and gently resuspend in ice-cold sterile-filtered cryopreservation media composed of either
90% HIFCS and 10% DMSO for BEAS-2B cells, or DMEM/Ham’s F-12 medium
supplemented 8% (v/v) HIFCS and 5% (v/v) DMSO for HEp-2 cells. The cell suspension
was aliquoted into sterile cryogenic vials at a density of 400,000 cells per mL and allowed
to freeze overnight at a rate of -1°C per min in a -80 °C freezer using a cryogenic freezing
container (Frosty Boy). Cryogenic vials were then transferred to liquid nitrogen tanks for

longer-term storage.
2.1.6 Mycoplasma Testing

Cell cultures were routinely monitored for Mycoplasma contamination using
MycoAlert™ Mycoplasma detection kit (Lonza, Mt Waverley, VIC, Australia) as per
manufacturers’ instructions. Culture medium supernatants used in the assay had been in

contact with the cells for at least 24 h under normal culture conditions.
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2.2 RSV Inocula preparation

Human RSV, A2 strain (ATCC® VR-1540™), was used in the current study. RSV
strain was isolated from the lower respiratory tract of a hospitalized infant with bronchiolitis

and bronchopneumonia (Lewis FA, 1961).

To prepare viral stocks, HEp-2 cells were detached from the tissue culture flask
using trypsin (0.12% w/v) and supplemented with maintenance medium as previously
mentioned in Section 2.1.4. Cell suspension was spread in appropriate volumes to cell
culture flasks and was incubated at 37°C overnight. Once the cells became ~90%
confluent, the maintenance medium was aspirated and then washed once in warm PBS.
RSV inoculum stock was thawed at 37°C, diluted in infection medium; DMEM/Ham'’s F-
12 medium supplemented with 2% (v/v) HIFCS, 10 mM HEPES, penicillin-streptomycin 50
IU/mL and 50 pg/ml respectively, and then added to each flask (2ml per flask). Flasks were
gently rocked every 10-15 min for 1 h, after which, a further 12.5 ml of infection media
was added. The cells were incubated at 37°C, 5 % CO, and observed daily for development

of syncytia; the characteristic morphological cytopathic effects caused by the virus (CPE).

As most RSV infectivity is cell-associated (Collins et al., 2001), the virus is usually
harvested as a clarified cell lysate. Once a moderate level of CPE was observed, the
medium was aspirated off. Inoculated HEp-2 cells were gently rinsed once in chilled VP-
SFM (Gibco by Life Technologies) supplemented with 4 mM L-glutamine and 25 u g/ml
gentamycin. The virus was then harvested by scraping the cells into 2 ml chilled VP-SFM
using a 15 mm cell scraper (Corning Inc.). An equal volume of chilled Sucrose-
Phosphate-Glutamate-Albumin (SPGA) stabilizer (218 mM sucrose, 7.1 mM K,HPO,, 3.76
mM KH,PO,, 4.9 mM sodium glutamate and 1% (w/v) bovine albumin) was then added to
avoid undue losses in infectivity (Tannock et al., 1987). The cell debris disrupted as much
as possible by pipetting up and down 10 times at least. The collected suspension was
clarified by centrifugation at 1,000g for 15 min at 4°C. The resulting RSV inoculum was

aliquoted into cryovials, snap-frozen and then stored at -80°C.

The mock inoculum was identically prepared by collecting cell culture supernatant
from lysed, uninfected HEp-2 cells to serve as a control for possible effects of cellular

components in the inoculum.
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2.3 50% tissue culture infectious dose (TCIDso) assay

Viral titres were determined in vitro by estimating the virus infectious dose. For
virus strains that are tissue culture-adaptable, the viral titre is ascertained in cell culture
through an endpoint dilution assay. The dilution of the virus that will produce detectable
cytopathic effects in 50% of the inoculated cell cultures is termed 50% the tissue culture
infectious dose, or TCIDs,. TCIDs, is the minimum virus concentration required to detect a
viral cytopathic effect (CPE) and it gives a rough estimation of the overall concentration of

virus present in the virus stock suspension.

To set up for the assay, HEp-2 cells were suspended in maintenance medium, as
described in 2.1.4, and seeded into flat bottomed 96-well plates at a density of 25,000
cells/100ul/well. Viral stocks, prepared as described in Section 2.2, were serially diluted in
log increments using infection media (DMEM/Ham’s F-12 medium supplemented with 2%
(v/v) HIFCS, 10mM HEPES, penicillin-streptomycin 100 [lU/mL and 100 pg/ml respectively).
Using a multistep pipettor, 30 pl aliquots of the diluted virus were added to 8 wells for
each dilution starting with the most diluted virus samples. Mock was diluted at the same
concentration as the stock virus and applied to control cell wells as a virus-free control.
Plates were gently rocked so that the virus settles into the cells. Plates were then incubated
at 37°C/ 5%CO, and examined for the development of characteristic CPE on a daily basis.
Too short exposure period may lead to suboptimal CPE, while too long exposure may
adversely affect the viability of cells. Both scenarios adversely affect the dynamic range of
the Assay. Hence, depending upon the kinetics of CPE, viral titrations were incubated for
3-5 days.

The TCIDs, assay merely requires recording of whether or not there is CPE, not the
extent of CPE. At least one good-sized syncytium per well was scored as positive. The viral
titre was calculated by the method of Reed-Muench and expressed as TCIDs¢/ml as

mentioned in Figure 2.1 (Reed and Muench, 1938).

log total dilution above 50% - (I x log h)

TCID50 = 10

Where, | = Interpolated value of the 50% endpoint and calculated as follows,

(% of wells infected at dilution above 50% - 50%)

(% of wells infected at dilution above 50% - % of wells infected at dilution below)

Figure 2.1| Formulae for TCIDs, calculation according to Reed & Muench Method.
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2.4 Transient transfection of reporter constructs

2.4.1 Reporter construct plasmid vectors

pGRE-SEAP plasmid vector (Figure 2.2 A) (Clontech, Mountain View, CA, USA) was
designed to monitor GRE induction and the glucocorticoid-mediated signal transduction
pathway. This vector contains multiple tandem copies of GRE consensus sequences fused
to a TATA-like promoter region (P74;) from the herpes simplex virus thymidine kinase (HSV-
TK) promoter located upstream of the secreted embryonic alkaline phosphatase (SEAP)
reporter gene. Being followed by the SV40 late polyadenylation signal, the SEAP coding
sequence can be properly and efficiently processed within the transfected cells. The
transcription can be induced, and reporter genes are transcribed and translated, following
transcription factors binding to GRE. In order to reduce background transcription, a
synthetic transcription blocker (TB), composed of adjoining polyadenylation and
transcription pausing sites, is located upstream of the GRE. Additionally, the vector
backbone includes f1 ori; an f1 origin for ss-DNA generation, pUC replication origin, as

well as Amp(R)-gene conferring ampicillin-resistance in E. coli.

The Amaxa pMAX-GFP vector (Figure 2.2 B) was purchased from Lonza and
contains CMV promoter upstream of the max GFP gene encoding the new green fluorescent
protein from copepod Pontellina sp. The pGL3 reporter vector (Figure 2.2 C) (Promega
#E1741, San Luis Obispo, CA, USA) contains SV40 promoter and enhancer sequences
controlling the expression of modified firefly (Photinus pyralis) luciferase. Both plasmids
also contain polyadenylation signal/transcription pause site, an origin of plasmid
replication in E. coli (ori), and kanamycin/Neomycin (pMAX-GFP) or ampicillin (pGL3)
resistance genes for bacterial selection. pmax GFP and pGL3 vectors were co-transfected
in BEAS-2B cells as internal controls for qualitative and quantitative assessment of

transfection efficiency respectively.
2.4.2 Transformation of Competent Cells

DNA constructs were transformed into MAX efficiency® DH5a™ (Invitrogen
#18258-012) or JM109 (Promega # L2001) competent cells. The transformation was
performed by adding 1 ng of DNA construct to 35 uL of competent cells in pre-chilled
Eppendorf tubes. Cells were immediately incubated for 30 min on ice, heat-shocked in a
42°C water bath for 45 seconds, and then returned to ice for a further 5 min. 450 uL of

antibiotic-free S.O.C medium (Invitrogen #15544-034) pre-warmed to room temperature
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was then added to each transformation reaction and incubated for 60 min at 37°C in an
orbital shaking incubator adjusted at 225rpm. Transformed cells were spread on Luria Agar
(LA) plates (1.5% (w/v) agar, 0.17M NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract)

containing appropriate antibiotics (150 pg/mL ampicillin or 50 pg/mL kanamycin) and
incubated inverted for 16 h at 37°C.

A Transcription blocker 'Glucocorticoid Response Element (GRE)
‘ TATA-like Promoter

pGRE-SEAP
4851 bp

SV40 late polyA signal

pause site Svas
B C poly(A) signal \ “‘ V40 promoter

AmpR promoter

_-/CMV promoter

pmax GFP

pGL3-Control
3486 bp ——(chimeric intron}

AmpR!—
5256 bp

SV40 poly(A) signal

SV40 poly(A) signal

Figure 2.2| Maps of pGRE-SEAP (A), pmax GFP (B) and pGL3-control (C) vectors.
Arrows indicate the transcription direction; the arrow in f1 ori indicates the single-stranded
DNA (ssDNA) strand synthesis direction. Maps were created by SnapGene software based
on the sequences published by the manufacturers.
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2.4.3 Growth of transformed cells and purification of cloned DNA vectors

A single discrete bacterial colony produced from the transformation was inoculated
into 3mL of Luria-Bertani (LB) medium (0.17M NaCl, 1%(w/v) tryptone, 0.5% (w/v) yeast
extract) containing appropriate antibiotics (150ug/mL ampicillin or 50pg/mL kanamycin).
Culture media were incubated at 37°C in an orbital shaking incubator adjusted at 225rpm
for 16 h. 200 pL of the culture was then inoculated into 200mL of LB containing antibiotics
and incubated at 37°C in an orbital shaking incubator adjusted at 225rpm for 16 h. After
spinning down the overnight transformed cell cultures, the supernatant was decanted. DNA
constructs were purified from the pelleted transformed cells using QIAprep® Spin Miniprep
and Maxiprep kits (Qiagen, Doncaster, VIC, Australia) according to the manufacturer’s
instructions. DNA yield was quantitated using a NanoDrop 1000 spectrophotometer

(Thermo Fisher Scientific, Scoresby, VIC, Australia) and stored at -80°C.

Glycerol stocks of transformed cells was generated by mixing the remaining un-
purified transformed cell culture with an equal volume of 50% (v/v) sterile glycerol and

stored at -80°C.
2.4.4 Preparation of charcoal-stripped FCS

Dextran-coated charcoal was prepared by adding 1 g of activated charcoal (Sigma)
to 50 mL pre-cooled sterile saline containing 0.4% (w/v) dextran (Clinical Grade C average
MW 70kDa, Sigma, MO, USA) in the biohazard cabinet to maintain sterility. The mixture
was stirred for 30 min at room temperature to allow dextran to fully coat the activated
charcoal prior to centrifugation at 2,000g for 10 min. The supernatant was decanted, and
the pelleted dextran-coated charcoal was resuspended in 50ml heat-inactivated FCS,
incubated for 20 min, and then centrifuged at 2,000g for 10 min. The charcoal-stripped
FCS was then decanted, passed through a 0.2um filter twice, then stored at 4°C. FCS
stripping by dextran-coated charcoal results in a more defined serum since lipophilic
materials (certain growth factors, hormones and cytokines) that may impact the results are

not in the culture system.
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2.4.5 Transient transfection of reporter constructs

BEAS-2B cells were seeded in a 24-well cell culture plates at a density of 75,000
cells/well in penicillin and streptomycin free LHC-9 medium supplemented by 2% (v/v)
charcoal-stripped FCS and 2 mM L-glutamine. BEAS-2B cells were washed once by sterile
pre-warmed phosphate-buffered saline (PBS). The cells were equilibrated in 0.5 mL phenol
red-free DMEM containing 0.2% (w/v) sodium bicarbonate and 15mM HEPES for 1 h before
transfection. Cells were co-transfected for 4 h with GRE-secreted embryonic alkaline
phosphatase (SEAP) reporter construct (0GRE-SEAP, Clontech Laboratories Inc., Mountain
View, CA) and pmax-GFP (Amaxa, Lonza, Waverley, Aus) or pGL3-Luc (Promega,
Alexandria, NSW, Aus) as internal transfection controls. The transfection mixture was
prepared by incubating the reporter constructs (150ng/well each) with Lipofectamine®
2000 (1 pL/well) (Invitrogen, Carlsbad, CA) in 100 uL/well of Opti-MEM media for 30 min
at room temperature and then added dropwise to each well. Four hours post-transfection,
the medium was replaced with 1 mL/well of DMEM supplemented with 15 mM HEPES,
0.2% (v/v) sodium bicarbonate, 2 mM L-glutamine, 1% (v/v) non-essential amino acids,
1% (v/v) sodium pyruvate, 0.25% (w/v) bovine serum albumin (BSA) and penicillin-
streptomycin 50 [U/mL and 50 pg/mL respectively. In experiments involving RSV
inoculation, the transfection medium was replaced with Dulbecco’s modified Eagle’s
media (DMEM) supplemented with 1% (v/v) heat-inactivated FCS, 15 mM HEPES, 0.2%
(v/v) sodium bicarbonate, 2 mM L-glutamine, 1% (v/v) non-essential amino acids, 1% (v/v)

sodium pyruvate, 5 IU/mL penicillin and 50 mg/mL streptomycin.

At the end of each experiment, samples of the conditioned cell culture media were
collected to quantify SEAP by SEAP reporter gene assay. Transfection efficiency was
assessed qualitatively by GFP expression in cells co-transfected with the pMAX-GFP
control vector using the Leica DMI6000B fluorescence microscope (Figure 2.3), or
quantitatively by determining luciferase expression in cell lysates from cells co-transfected

with the pGL3 control vector by luciferase reporter gene assay.
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Figure 2.3| BEAS-2B cells co-transfected with GRE-secreted embryonic alkaline
phosphatase (SEAP) reporter construct (pGRE-SEAP) and pmax-GFP.
Scale bar is 100um

2.4.6 SEAP reporter gene assay

The SEAP Reporter Gene Assay is a chemiluminescent assay that provides a highly
sensitive and convenient method to quantify transcriptional activity in SEAP-transfected
cells (Figure 2.4) (Cullen and Malim, 1992; Bronstein et al., 1994). SEAP was quantitatively
assessed in conditioned cell culture medium collected from pGRE-SEAP transfected cells
24 h after treatment with dexamethasone (30 nM) using a chemiluminescence kit (Roche
Applied Science, NSW, Australia) according to manufacturer’s protocol. Briefly, 15 pL of
supernatants were diluted with 45 pL dilution buffer provided in the kit and then incubated
in a water bath for 30 min at 65°C. Ten pL of heat-inactivated samples were transferred to
a black and white isoplate (Perkin Elmer, Glen Waverley, VIC, Australia) and 10 pL of the
inactivation buffer were added. Both the heat inactivation and the use of specific inhibitors
in the inactivation buffer confirmed almost complete elimination of contaminating alkaline
phosphatase activity, which is generally present in the culture medium, without

significantly affecting SEAP activity.

Alkaline phosphatase substrate; CSPD; [3-(4-methoxyspiro[1,2-dioxetane-3,2’(5’-
chloro)-tricyclo(3.3.1.13,7) decane]-4yl)phenyl phosphate], was diluted 1 in 20 with
substrate buffer. After incubation for 5 min at room temperature, substrate reagent (10 pL)
was added to each well and allowed to incubate for a further 10 min at room temperature.
The plate was gently tapped to ensure mixing of the reagents. The chemiluminescence was
measured using Top count (Perkin Elmer, Glen Waverley, VIC, Australia). The SEAP level
was used as an estimate for GRE activity and was represented as a percentage of the SEAP

induced by dexamethasone (30 nM).
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Figure 2.4| Schematic diagram of SEAP reporter gene assay principle.

Alkaline phosphatase (AP) dephosphorylate CSPD leading to the formation of unstable
dioxetane anion that decomposes and emits light that can be measured at a wavelength of
477 nm.

2.4.7 Luciferase reporter gene assay

At the conclusion of each experiment, pGL3-transfected cells were first washed
once with ice-cold PBS, and then incubated with lysis buffer (25 mM tris-phosphate (pH
7.8), 10% (v/v) glycerol, 1% (v/v) Triton X-100, 1 mg/mL (w/v) BSA, 2 mM EDTA, 2 mM
DTT) on ice for 5 min. Cells were scraped and 50 pl of the cell lysates were transferred to
a black and white 96-well isoplate (Perkin Elmer, Glen Waverley, VIC, Australia). Beetle
luciferin (Promega #1601) (0.47 mM) was added to the reagent buffer (20 mM Tris-base
(PH 7.8), 33.3 mM DTT, 8 mM MgCl,, 0.13 mM EDTA) and protected from light. After
adding 25 pl of the luciferin reagent to each well, luciferase activity was quantified by
measuring the luminescence using the Topcount™ instrument (Perkin Elmer, Glen

Waverley, VIC, Australia).
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2.5 Small interfering RNA (siRNA)-mediated gene silencing

Predesigned Silencer® select siRNA oligonucleotides targeting TLR3 (s236, sense:
5’-CCGAUGAUCUACCCACAAALt-3’, anti-sense: 5-UUUGUGGGUAGAUCAUCGGgt-
3’), and silencer® select negative control no. 1 (4390843) were purchased from Ambion
(Austin, TX, USA). As off-target and non-specific effects are more likely to occur with higher
siRNA concentration, preliminary experiments were performed to determine the optimum
siRNA concentration, as well as the appropriate negative control (scrambled) sequence was
used to optimize the transfection protocol. BEAS-2B cells were subcultured in a 24-well
cell culture plate at a density of 75,000 cells/well and incubated overnight in penicillin
and streptomycin free LHC-9 medium supplemented by 2% (v/v) charcoal-stripped FCS
and 2 mM L-glutamine. One hour before siRNA transfection, cells were washed once with
pre-warmed PBS incubated in 500 pL/well of phenol red-free DMEM containing 15 mM
HEPES, 0.2% (w/v) sodium bicarbonate.

Cells were transfected with 10 nM siRNA for 4 h using 1 pL/well Lipofectamine
RNAIMAX (Invitrogen) following the manufacturer’s instructions. Briefly, 10 nM siRNA was
pre-complexed with 1 uL/well Lipofectamine™ RNAiIMAX (Invitrogen) in 100 pL/well Opti-
MEM reduced serum media for 20 min before drop-wise addition to each well. Transfection
medium was then replaced with phenol red-free DMEM supplemented with 15 mM HEPES,
0.2% (v/v) sodium bicarbonate, 2 mM L-glutamine, 1% (v/v) non-essential amino acids,
1% (v/v) sodium pyruvate, 0.25% (w/v) BSA and penicillin-streptomycin 50 IU/mL and 50
ug/mL respectively. The efficiency of siRNA silencing was determined at 24h, 48h and 72h
post-transfection by real-time qPCR. siRNA (10 nm) was chosen for knockdown

experiments after performing an initial concentration-response study.

2.6 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

2.6.1 Total RNA extraction

Total RNA extraction was done using TRIzol® reagent (Invitrogen, Doncaster, VIC,
Australia) according to the manufacturer’s protocol. Briefly, confluent monolayers of cells
in 24 well plates were washed with once with PBS and lysed in 500 pL TRIzol® reagent.
Cell lysates were transferred to RNase-free tubes and incubated at room temperature for 5
min to ensure complete dissociation of the nucleoprotein complex and 100 pL chloroform
was added to generate phase separation. Samples were then vortexed and centrifuged at

13,000 rpm for 15 min at 4°C. The upper aqueous phase was then transferred to a fresh
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tube and 10ug RNase-free glycogen (Invitrogen #AM9510) was added before RNA
precipitation using 500 pL isopropanol. Samples were then incubated for 10 min and
centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was then aspirated, and the
RNA pellet was washed with TmL of 75% (v/v) ethanol in diethylpyrocarbonate (DEPC)-
treated water and centrifuged at 7,500g for 5 min. RNA pellets were then air-dried,
resuspended in 30pL DEPC-treated water. Total RNA was purified from animal tissue using
QIAGEN RNeasy Mini-kits (Qiagen Inc., Valencia, CA) according to manufacturer’s
instructions. RNA was eluted in 30 uL RNase-free water. Thereafter, RNA concentration

was quantified by the NanoDrop 1000. Samples were stored at -80°C until further analysis.
2.6.2 Reverse Transcription of RNA

RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription
Kit (Invitrogen #4387406) in a 5 pl reaction containing 2 pL total RNA (containing 100 ng
RNA), 2.5 pL 2x RT Buffer, 0.5 pL 20x RT Enzyme Mix. Reverse transcription was performed
on an Eppendorf Mastercycler® Pro according to the following thermal protocol: 0-5 min,
25°C; 5-60 min, 50°C; 60-75 min, 75°C. For subsequent RT-qPCR, the resulting cDNA
was diluted with 145 ulL. DEPC-treated H,O and stored at -20°C.

2.6.3 RT-qPCR

Messenger RNA (mRNA) transcript levels of genes of interest were quantified by
Real-time PCR using either ABI Prism 7900HT sequence detection system (Applied
Biosystems) or QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). RT-qPCR was performed in triplicates in 384-well plate using 2 pl diluted
cDNA in a 6 pl reaction containing 2.5 pL Platinum SYBR® Green qPCR Supermix-UDG
(Invitrogen, Mulgrave, VIC, Australia) and 0.75 pl of each of the relevant forward and
reverse primer (1 nM). Primers used were either obtained from the literature or pre-

validated KiCqStart® SYBR® Green Primers from Sigma-Aldrich (Table 2.1 and Table 2.2).

The thermal PCR amplification protocol was as follows: 50°C for 2 min then 95°C
for 10 min followed by 40 cycles of 95°C for 0.15 min, and 60°C for 1 min. Threshold (Ct)
values for each reaction were estimated using SDS 2.0 software (Applied Biosystems) or
QuantStudio™ 6 and 7 Flex software (Applied Biosystems). Generation of specific PCR
products was confirmed through dissociation curve analysis. All the Ct values of the target
genes were normalized to the Ct value of 18S rRNA, which was used as a housekeeping

gene. 18S rRNA was chosen as a housekeeping gene since, first, it has a low turnover rate,
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while the large 18S rRNA pool is less prone to substantial changes from physiological
perturbations. Second, its use has been validated by numerous studies that showed its
invariant expression across various organisms, tissues, developmental stages, and

treatments (Butte et al., 2001; Kuchipudi et al., 2012; Hounkpe et al., 2020).

2.7 Western Blotting

2.7.1 Preparation of total protein lysates

For preparation of lysates, cells monolayers were first rinsed twice in ice-cold PBS
and incubated on ice for 15 min with a lysis buffer containing 100 mM sodium chloride
NaCl (Sigma), 10 mM Tris-HCI (pH 7.5; Sigma), 2 mM EDTA (Sigma), 0.5% (w/v)
deoxycholate (Sigma), 1% (v/v) Triton-X (Sigma), 1% (v/v) protease inhibitor cocktail
(Sigma-Aldrich #P1860), 1% (v/v) phosphatase inhibitor cocktail (Sigma-Aldrich #P5726,
Castle Hill, Australia), and 1 mM magnesium chloride (Sigma). Cell lysates were collected
into Eppendorf tubes and centrifuged at 10000 rpm for 10 min at 4°C to remove cellular
debris. Clarified supernatants were aspirated and stored at -20°C. 3 pl of each sample were
aliquoted to measure the total protein concentration using the Bradford protein assay

protocol described in Section 2.7.2.

2.7.2 Bradford protein assay

The protein content in the cell lysates was determined by the Bradford dye-binding
method (Bradford, 1976). Briefly, 7 ul of cell lysates were reconstituted in 93 pl of PBS.
BSA standard curve, spanning 0-20 pg, was constructed from a stock solution of BSA (200
ug/mL) diluted in PBS. Both standards and samples (100 ul each) were prepared in duplicate
and solubilized by incubation with NaOH (0.2 M; 100 pL/sample) for 15 min at room
temperature. Distilled water (600 ul/sample) and Protein Assay Dye Reagent Concentrate
(Bio-Rad #500-0006) (200 plL/sample) were added to the standards and samples. Tubes
were then vortexed thoroughly and 200 pL of each standard and sample were transferred
to a 96-well plate. The absorbance at 595 nm was measured on a Multiskan Ascent plate
reader (Thermo Scientific). A standard curve was generated by fitting the absorbance of the
BSA standards to a linear equation, and the protein content of each sample was estimated

with reference to the standard curve.
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Table 2.1| Homo sapiens primer sequences used in RT-qPCR.

Gene ID Primers sequence (5'—3’)
Forward Reverse

18s rRNA  18S ribosomal RNA CGC CGC TAG AGG TGA AAT TC TTG GCA AAT GCT TTC GCT C
CDKNI1C  Cyclin-dependent kinase inhibitor 1C TCT GAT CTC CGATIT CTT CG CTCTTT GGG CTC TAA ATT GG
ENaCa Epithelial sodium channel subunit alpha AGC ACA ACC GCATGA AGA C TGA GGT TGA TGT TGA GGC TG
FKBP5 FK506 binding protein 5 AGATTGAGCTCCTTGATTTC TGAATATCCCTCTCCTTTCC
GlLlZ Glucocorticoid-induced leucine zipper TCC TGT CTG AGC CCT GAA GAG AGC CAC TTA CAC CGC AGA AC
IFN-B Interferon beta CAG CAATTT TCA GTG TCA GAA GC TCATCC TGT CCT TGA GGC AGT
IL-6 Interleukin 6 AGC TCT ATC TCG CCT CCA GGA CGC TTG TGG AGA AGG AGT TCA
IL-8 Interleukin 8 CTG GCC GTG GCT CTC TTG CCT TGG CAAAACTGC ACCTT
KCNB1 Potassium voltage-gated channel subfamily B member 1 AAG ATC CTT GCC ATA ATT TCC GAA CCT CAG CAG GTA CTC
PAI-1 Plasminogen activator inhibitor-1 TCA GGCTGA CTT CACGAGTCTTT CTG CGC GAC GTG GAG AG
PDK4 Pyruvate Dehydrogenase Kinase 4 CTT GGG AAA AGA AGA CCT TAC GTG CAG TGG AGT ATG TAT AAC
SERPINA3  Serpin Family A Member 3 TCA AGA CAA GAT GGA GGA AG TCA CCT ATCTCT CTG AACTC
TGF-B1 Transforming growth factor-beta 1 CCC AGCATCTGC AAAGCT C GTC AAT GTA CAG CTG CCG CA
TLR1 Toll-like receptor 1 CCCTACAAAAGGAATCTGTATC TGCTAGTCATTTTGGAACAC
TLR2 Toll-like receptor 2 CTTTCAACTGGTAGTTGTGG GGAATGGAGTTTAAAGATCCTG
TLR3 Toll-like receptor 3 CCTGGTTTGTTAATTGGATTAACGA TGAGGTGGAGTGTTGCAAAGG
TLR4 Toll-like receptor 4 GATTTATCCAGGTGTGAAATCC TATTAAGGTAGAGAGGTGGC
TLR5 Toll-like receptor 5 ATCTTTCACATGGGTTTGTC TTCCCCCAGAAGGTTATATG
TLR6 Toll-like receptor 6 AGAGATCTTGAATTTGGACTC TGTCTTTGGTCATGATGTTG
TLR7 Toll-like receptor 7 AGATATAGGATCACTCCATGC CTTCCAAAATGGAATGTAGAGG
TLRS Toll-like receptor 8 TGGAAAACATGTTCCTTCAG TGCTTTTTCTCATCACAAGG
TLR9 Toll-like receptor 9 AAATCCCTCATATCCCTGTC TTGTAATAACAGTTGCCGTC
TLR10 Toll-like receptor 10 CATCTGTAAGGGTTTTGAGC CTTTCTTAGAGACATGTTGGAG
ZBTB16 Zinc finger and BTB domain-containing protein 16 GTT CCT GGA TAG TTT GCG CAT GTC AGT GCC AGT ATG
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Table 2.2| Mus musculus primer sequences used in RT-qPCR.

Gene ID Primers sequence (5'—3’)

Forward Reverse
185 rRNA 18S ribosomal RNA TCC GGC GAG GGA GCC TG CCT GCT GCCTTCCTT GGA T
CTLA4 Cytotoxic T-lymphocyte-associated protein 4 GTACCTCTGCAAGGTGGAACTC CCAAAGGAGGAAGTCAGAATCCG
FOXP3 Forkhead box P3 CCTGGTTGTGAGAAGGTCTTCG TGCTCCAGAGACTGCACCACTT
IL-6 Interleukin 6 CTG CAA GAG ACT TCCATCCAGTT TTG TCA CCA GCA TCA GTC CC
INF-a Interferon alpha CTTCCACAGGATCACTGTGTACCT TTCTGCTCTGACCACCTCCC
INF- Interferon beta CTGGAGCAGCTGAATGGAAAG CTTCTCCGTCATCTCCATAGGG
INF-y Interferon-gamma TGA GTATTG CCA AGT TTG AGG TCA GTG GAC CAC TCG GAT GAG CT

INF-A2 (IL-28A)

Interferon lamda 2

AAG GAT GCC ATC GAG AAG

GTC ATG TTC TCC CAG ACC

INF-A3 (IL-28B)

Interferon lamda 3

AAG TCT CTG TCC CCA AAA G

TTATGT TCT CCC AGA CCT TC

KC

Keratinocyte chemoattractant

TGC ACC CAA ACC GAA GTC A

GCA AGC CTC GCG ACC AT

TBX21 T-Box Transcription Factor 21 CCACCTGTTGTGGTCCAAGTTC CCACAAACATCCTGTAATGGCTTG
TNF-a Tumour necrosis factor-alpha CAG ACC CTC ACA CTC AGA TGC TAC GAC GTG GGC TAC AC
ICAM-1 Intercellular Adhesion Molecule 1 TGA TCC CTG GGC CTG GT GGA AGG CTT CTC TGG GAT GG
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2.7.3 Preparation of 12% (w/v) polyacrylamide gels

Gels, 1.5mm thick, were prepared using Mini-PROTEAN® Tetra hand-cast system
(Bio-Rad). Glass plates were first washed with dH,0 then with 70% ethanol and wiped dry
with Kim wipe. Plates were assembled as described in the manual. The gel space was
filled with dH,0, left for 5min to test for leaks. After removing water, the running gel
consisting of 12% (w/v) acrylamide/bisacrylamide (Bio-Rad #161-0158), 375 mM Tris,
0.1% (w/v) sodium dodecyl sulphate (SDS), 0.05% (w/v) ammonium persulfate (APS),
0.0005% (v/v) tetramethylethylenediamine (TEMED) was cast in glass plates with 100 pL
isopropanol layered gently on top without disturbing the interface. After the gel had set,
isopropanol was removed by tipping apparatus upside down and the gel was flushed twice
with dH,0. Stacking gel consisting of 4% (w/v) acrylamide/bisacrylamide, 125 mM Tris,
0.1% (w/v) SDS, 0.05% (w/v) APS, 0.0015% (v/v) TEMED was poured on top and 10 or 15
well combs were placed, and the stacking gel was allowed to set for 15 min. When the
stacking gel had set, combs were removed, and the gel was flushed twice with dH,O. The
gels were transferred to a running tank and topped up with running buffer (25 mM Tris,
192 mM glycine, 0.1% (w/v) SDS, pH 8.3). In some instances, Any kD™ Mini-PROTEAN®
TGX stain-free™ precast polyacrylamide gels were used with Biorad Mini-PROTEAN

electrophoresis cells.

2.7.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Western blotting

Thirty microgram of protein samples were mixed with sample buffer (0.125 M Tris-
HCL (pH 6.8), 20% (v/v) glycerol, 4% (w/v) SDS, 0.1% (w/v) bromophenol blue, 1% (v/v)
B-mercaptoethanol) and denatured by heating to 95°C for 3 min. Protein samples were
loaded alongside 5 plL of Kaleidoscope™ precision plus protein™ prestained standards for
molecular weight comparison of the sample protein bands and monitoring of

electrophoresis and transfer efficiency.

Proteins were then resolved by SDS-PAGE on 12% polyacrylamide gel at 200V for
45 min until the dye front ran to the end of the gel. Resolved proteins were then transferred
onto nitrocellulose membranes (Amersham/GE Health Care, Rydalmere, NSW, Australia)
by wet transfer method using a Mini Trans-Blot® cell (Bio-Rad) in transfer buffer containing
25mM Tris, 0.2M Glycine, 0.1% (w/v) SDS, 30% (v/v) methanol at 100V for 1 h on ice.
Successful protein transfer was confirmed by staining the nitrocellulose membranes with

Ponceau stain. To eradicate non-specific binding, the membrane is blocked by 5% (w/v)
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skimmed milk in Tris-buffered saline (TBS) containing 0.1% tween (TBS-T) for 1 h at room
temperature. Membranes were washed three times in TBS-T before the addition of the
primary antibody for the target protein which was diluted in 5% BSA in TBS-T solution and
incubated overnight at 4°C. Following incubation with the primary antibody, membranes
were washed three times in TBS-T prior to incubation with horseradish peroxidase (HRP)
conjugated secondary antibodies for 1 h. The primary and secondary antibodies used were
listed in Table 2.3. Membranes were then rewashed with TBS-T and immunoreactive bands
were detected by Thermo Scientific™ Pierce™ Enhanced Chemiluminescence (ECL)
Western Blotting Substrate (GE Healthcare, NSW, Australia) using Bio-Rad ChemiDoc™
MP imaging system (# 731BR01006, NSW, Australia). To estimate the subsequent exposure
time, blots were initially exposed from less than one minute to a maximum of five minutes.
Membranes were stripped in stripping buffer (50 mM glycine, 0.1% (w/v) SDS, 1% Tween-
20, pH 2.2) for 15 min twice, followed by two 10 min PBS washes and two 5 min TBS-T
washes. Stripped membranes were then re-blocked with 5% skim milk and probed with

primary antibodies.

Densitometry was carried out on captured images to measure the band intensities
using Image ] program (1.48v, National Institute of Health, Bethesda, MD, USA). The
expression level of protein, B-actin or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was applied as housekeeping controls for normalization to account for variation
in the amount of protein sample loaded in each lane, protein transfer efficiencies from the
gel to the membrane among different samples/lanes, antibody incubation (for primary or
secondary antibody), and signal detection across separate samples/lanes. The
housekeeping control was chosen based on the size of the protein(s) of interest (i.e., they
should have substantially different molecular weights) to ensure that the detection bands
of loading controls do not interfere with those of the protein(s) of interest. Hence, B-actin
(45 KDa) was chosen as loading control for Smad2/3 (60, 52 KDa), while GAPDH (37 KDa)
was chosen as loading control for p44/42 MAPK (Erk1/2) (42, 44 KDa).
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Table 2.3| Primary and secondary antibodies applied in Western blotting (WB).

Antibody Species/ Dilution  Target protein Supplier

Clonality MW (KDa)

Phospho-Smad?2 (Ser465/467) Rabbit 1:1000 60 Cell signalling

Antibody monoclonal (138D4) #3108

Smad2/3 Antibody Rabbit 1:1000 60, 52 Cell signalling
monoclonal (D7G7) #8685

Phospho-p44/42 MAPK (Erk1/2) Rabbit 1:1000 42, 44 Cell signalling

(Thr202/Tyr204) Antibody monoclonal (20G11) #4376

p44/42 MAPK (Erk1/2) Rabbit 1:1000 42,44 Cell signalling
monoclonal (137F5) #4695

Anti-GAPDH antibody Rabbit 1:1000 37 Abcam
polyclonal #ab37168

Anti-beta Actin antibody Mouse 1:2000 45 Abcam #ab8226
monoclonal

Anti-mouse IgG HRP-linked Goat 1:5000 - Dako #P0447

Antibody polyclonal

Anti-rabbit 1gG, HRP-linked Goat 1:5000 - Cell Signalling

Antibody polyclonal #7074

2.8 Statistical Analyses

Data are presented as means + standard error of the means (SEM) for n independent

biological replicate experiments in in vitro experiments, or for n mice per group in in vivo

experiments. Statistical analysis was performed using GraphPad Prism version 8.4.2 for

macOS (GraphPad Software, San Diego, California USA, www.graphpad.com). Statistical

differences between study groups were tested for significance by either one-way or two-

way analyses of variance (ANOVA) followed by Bonferroni's or Dunnett’s multiple

comparisons test as a post hoc test. Where appropriate, two-tailed t-test or non-parametric

t-tests were applied to analyze the data. A p-value below 0.05 was considered as a criterion

for a statistically significant difference.
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3 Pattern Recognition Receptors and Glucocorticoid Sensitivity

3.1 Introduction

Respiratory syncytial virus stands among the respiratory viruses implicated in
exacerbations of asthma and chronic obstructive pulmonary disease (Kurai et al., 2013;
Matsumoto and Inoue, 2014). Glucocorticoids remain central to treatment regimens for
acute exacerbations unless RSV is the trigger. Glucocorticoids have usually no beneficial
effect on alleviating the symptoms or altering the course of illness in RSV-triggered
paediatric bronchiolitis (Buckingham et al., 2002; Patel et al., 2004; Steiner, 2004; Ermers
et al., 2009; Panickar et al., 2009; Somers et al., 2009; Fernandes et al., 2013). In cell-
based studies, glucocorticoids have been shown to attenuate cytokine production elicited
by RSV in some reports (Jaovisidha et al., 1999; Wang et al., 1999) but not in others
(Bonville etal., 2001; Carpenter et al., 2002). Though contradictory, these findings indicate
that RSV may have a detrimental effect on GC signalling.

Being the prime locus for viral infection and replication and the crucial target for
glucocorticoid therapy as well, airway epithelium has been proposed as the main cell type
where virus-induced glucocorticoid resistance may occur. RSV has been shown to
potentially interfere with the anti-inflammatory activity of steroids in epithelial cells

(Bonville et al., 2001; Carpenter et al., 2002), yet with undefined mechanism.

Three potential pathways could contribute to RSV interference with GC signalling.
These include production of autocrine factors such as cytokines; activation of intracellular
signalling pathways; or via a direct viral proteins or RNA effect. Airway epithelial cells
produce an array of pro- and anti-inflammatory cytokines and chemokines including the
type-1 and -lll interferons (IFN-o/f and IFN-A), TNFa, IL-4, IL-8, IL-13, IL-17, CCL3 and
RANTES (Zeng et al., 2011). Some of these autocrine factors such as IL-2/IL-4, IL-13, TNFa,
IL-6, IL-8, IFNy and IFNa have been proved to interfere with epithelial response to GC
(Rider et al., 2011; Zijlstra et al., 2012; O'Connell et al., 2015). This fact has tempted
researchers to postulate that RSV-induced cytokines could impair GR function. When
tested, RSV-conditioned media failed to repress expression of GC-responsive genes
(Webster Marketon et al., 2014) despite being able to induce IL-8 transcription (Patel et al.,
1998). These findings suggest that RSV-induced GC irresponsiveness is not triggered by a

soluble autocrine factor.

RSV infection also activates a number of host signalling pathways, such as NF-xB,

phosphoinositide 3-kinase (PI3K), and MAP kinase pathways (Garofalo et al., 1996;
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Mastronarde et al., 1996; Thomas et al., 2002; Lindemans et al., 2006; Singh et al., 2007).
Several studies have reported the mutual transcriptional antagonism between GR and these
pathways, so GC resistance could be a result of the activation of these pathways (Ray and
Prefontaine, 1994; Irusen et al., 2002; Adcock and Lane, 2003; Marwick et al., 2009;
Ayroldi et al., 2012). However, Hinzey et al. (2011) have excluded the possible
involvement of NF-kB pathway in repressing dexamethasone actions in RSV-infected lung

epithelial cells.

Interference with the initiation of these signalling cascades has been also tested.
MyD88 is a downstream adaptor molecule of TLRs or RIG-1 signalling pathways and its
knocking-down did not restore dexamethasone-induction of GILZ expression in RSV-
infected A549 cells ruling out its contribution to the apparent RSV-induced GC resistance.
Knockdown of MAVS, another downstream adaptor of RIG-1 signalling cascade, has
significantly reduced dexamethasone induction of G/LZ in mock-infected cells that further
reduced in case of RSV infection, albeit non significantly (Webster Marketon et al., 2014).
Hence, we cannot exclude MAVS biological role in the RSV-induced GC insensitivity.
Webster Marketon et al. (2014) have continued to test the possibility of a direct viral
proteins or RNA effect. It is known that NS1 and NS2 proteins of RSV inhibit the interaction
between RIG-I and MAVS with subsequent suppression of type | interferon response (Ling
et al., 2009; Boyapalle et al., 2012). Overexpression of NS1, but not NS2, repressed GC
induction of GILZ. This observation was held true when tested using viruses with deletions
in the NS1, but not NS2 genes, that prevented RSV suppression of glucocorticoid-induced
GILZ (Webster Marketon et al., 2014) suggesting that non-structural proteins mediate the
RSV suppression of GR function.

We have previously established TGF-B as a profound mediator of glucocorticoid
resistance in A549 cells (Salem et al., 2012), human immortalized bronchial epithelial
BEAS-2B cells, and in ALI-differentiated primary HBECs (Keenan et al., 2014). Our group
has unravelled a potential link between RSV infection and TGF-B, where TGF-$ functions
in an autocrine manner to mediate glucocorticoid insensitivity in RSV-infected BEAS-2B
and primary bronchial epithelial cells (Xia et al., 2017). Since TGF-B is crucial to diverse
cellular activities (Boxall et al., 2006), broad inhibition of TGF-$ is not clinically feasible
due to the known risk of autoimmune colitis (Shull et al., 1992; Kulkarni et al., 1993),
tumorigenesis (Hahm et al., 2001; Oyanagi et al., 2014) and mitral valve lesion (Anderton

etal., 2011).
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Our group comprehensively reviewed TGF-B1 signalling pathways to define the
downstream pathways by which TGF-B impairs epithelial GC actions, hence identify novel
targets to circumvent GC resistance (Salem et al., 2012; Keenan et al., 2014). We have
found that TGF- profoundly impairs GC responsiveness not through known non-canonical
pathways, nor through Smad4-dependent signalling, suggesting that a novel non-canonical

signalling mechanism.

Comprehensive literature review revealed a little-known connection between TGF-
B1 signalling and casein kinase (CK) activity. Of particular interest, casein kinase has also
been implicated in the TGF-B1 signalling cascade in compelling studies. The immune-
precipitated TBRII is reported to possess an intrinsic casein kinase activity, suggesting that
casein kinase may be involved in one of the signalling cascades subserving the activity of
TGF-B1 (Hall et al., 1996). Furthermore, CK1le is able to phosphorylate the receptor-
activated Smads and the TBRII in vitro. More importantly, inhibition of endogenous CK1
catalytic activity with IC261 blocked TGF-B-stimulated transcriptional activity (Waddell et
al., 2004). Intriguingly, our laboratory found that inhibition of CK18/e by PF670462,
prevented TGF-B1-induced EMT in A549 human alveolar epithelial cells and TGF-f1-
activated fibrogenic gene expression in human lung fibroblasts (Keenan et al., 2018).
CK18/¢ may therefore be an important component in the TGF-f signalling cascade. Hence,
in the current study, we sought to selectively modulate TGF-B1 activity by targeting CK18/¢
using PF670462, a dual inhibitor of CK18/¢ activity, seeking to restore GC sensitivity in
RSV-infected epithelial cells.

The airway epithelium orchestrates the innate immunity of the lung. Pulmonary
epithelium expresses a repertoire of PRRs that directly activate innate immunity after
recognising conserved virion motifs, referred to as the PAMPs. RSV can be recognised by
heterogeneous types of PRRs, such as the Toll-like receptors, NOD-like receptors (NLRs)
and RIG-I-like receptors (RLRs) (Kato et al., 2005).

RSV possesses various PAMPs that can activate different TLRs (Figure 3.1). TLR4
was the first cell-surface TLR shown to be involved in RSV recognition. It interacts with the
viral fusion protein F and uses CD14 as a co-receptor (Kurt-Jones et al., 2000b; Kurt-Jones
etal., 2000a). TLR2, a cell-surface TLR proved to play a key role in RSV-antiviral immunity,
although via a hitherto uncharacterized ligand (Murawski et al., 2009). Viral RNAs are
recognized by independent PRRs including TLRs; TLR3 and TLR7/8, and RNA helicases;
MDA?S5 and RIG-I. The TLRs sample the extracellular and endosomal compartments while

RIG-1 and MDA5 sample the cytoplasm for viral RNAs. TLR3 recognizes dsRNA; an
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intermediate formed in the RSV replication cycle (Aeffner et al., 2011) while TLR7/8 detect
ssRNA RSV genome (Lindell et al., 2009). RIG-I and MDA-5 although sharing the same
signalling features(Yoneyama et al., 2005) and structural homology (Yoneyama et al.,
2004), recognize different RNA ligands. RIG-I detects short dsRNA and ssRNA that harbour
5'-triphosphate caps (Hornung et al., 2006) or RNAs with complex secondary structures
(Saito et al., 2007). On the contrary, signalling by MDAG5 is uniquely triggered by long
kilobase-scale dsRNA; genomic or replication intermediates, without end specificity (Kato
et al., 2006). Both RIG-I and MDA5 contribute to RSV sensing. RIG-I mediates the early
innate immune reaction against RSV infection in bronchial epithelial cells (Liu et al., 2007).
MDA-5 plays a crucial role in NF-kB-driven promoter regulation following RSV infection
(Yoboua et al., 2010a; b). Moreover, MDA5 recognizes poly(l:C); a synthetic analogue of

dsRNA that is commonly used as a viral mimic (Gitlin et al., 2006).

In this chapter, we hypothesised that RSV-induced steroid insensitivity may occur
through epithelium activation by viral PAMPs with consequent release of cytokines, such
as TGF-B, a potent inducer of glucocorticoid insensitivity. Thus, we systemically assessed
the PRRs including TLR 2, 3, 4, 7 and RIG/MDAGS that may contribute to RSV sensing for
their potential contribution to GC insensitivity following RSV infection in order to delineate

the driving mechanisms of the apparent resistance.
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Figure 3.1| Pattern Recognition Receptors (PRRs) involved in the recognition of respiratory
syncytial virus (RSV) in bronchial epithelium.
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3.2 Outline and aims of the chapter

In the current chapter, we attempted to develop a better understanding of the role
of different TLRs in RSV-induced glucocorticoid insensitivity in airway epithelium. This was
addressed by examining the activation of various PRRs implicated in RSV sensing by their
respective ligands, to assess their influence on GRE activity in human bronchial epithelial
cells. To ascertain whether RSV-induced GC resistance is replication-dependent, the
impact of heat-inactivated, and UV-irradiated RSV on GRE activity was explored in BEAS-
2B. Furthermore, the modulation of transcriptional responses to glucocorticoids was also
examined. Smad phosphorylation; a specific signalling response to TGF-B, has been
explored in BEAS-2B to disentangle the contribution of endogenous TGF-f in the apparent
resistance. It is anticipated that this knowledge can help in deciphering the underpinning
mechanism of RSV-induced glucocorticoid insensitivity and ultimately defining novel

targets to circumvent resistance.
3.3 Methods

3.3.1 Epithelial Cell culture

BEAS-2B (ATCC® CRL9609™, VA, USA), an SV40-transformed nontumorigenic

human bronchial epithelial cell line was cultured as previously described in Section 2.1.3.
3.3.2 RSV Inocula Preparation and Inactivation

Human RSV, A2 strain (ATCC® VR-1540™), was used in the current study. RSV
was propagated on HEp-2 cells (ATCC® CCL-23™) and stored, as previously described in
Section 2.2. The mock inoculum was prepared following the same procedure as the RSV
stock preparation, with the exception that the HEp-2 cells were not inoculated with

replication-competent RSV as previously described in Section 2.2.

RSV replication was inhibited either by UV-irradiation or heat-inactivation. For UV
irradiation, the RSV was aliquoted to an open 24-well cell culture plate and UV-irradiated
for 1 hr. This protocol abolishes RSV infectivity without disrupting the conformation of viral
proteins and mediators (Jaovisidha et al., 1999). RSV was heat-inactivated via incubation
at 56°C for 30 min (Ausar et al., 2005). Inactivation of the virus infectivity of HI-RSV and
UV-RSV was confirmed upon inoculation into HEp-2 cells. The efficiency of RSV
inactivation was confirmed by TCIDs, assay as previously mentioned in Section 2.3.
Previous study reported that when cell culture medium was irradiated with UV at relevant

disinfection doses, the chemical composition of the media was affected with respect to
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several carboxylic acids, and to a minimal extent, amino acids (Yen et al., 2014). Moreover,
heat inactivation decomposes heat-liable medium components. Hence, the mock
inoculum was subjected to the identical inactivation procedure either by heat or UV-

irradiation to help serve as a negative control in these sets of experiments.
3.3.3 Infection of bronchial epithelial cells

The multiplicity of infection (MOI) refers to the ratio of the number of virus particles
to the number of target cells. The number of virions that infect each cell at different MOI,
is described by the Poisson distribution:

P(k) = e™m"/k
where, P(k) is the fraction of cells infected by k virus particles, and m is the MOI.

Natural RSV infection occurs through inhalation of aerosolized droplets that
contain viral particles, resulting in infection of small foci of apical respiratory epithelial
cells (Johnson et al., 2007; Gonzalez-Parra and Dobrovolny, 2018). Hence, we have
chosen lower MOI (0.1) to simulate the natural infection and allow for multiple cycles of
replication. Based on Poisson distribution (P(k) = e™m*/k), high MOI (1) will infect around
65% of BEAS-2B cells, however lower MOI (0.1) will only infect only 9.5% of BEAS-2B
cells which is more physiologically relevant.

In the current study, BEAS-2B were inoculated with RSV at a MOI of 0.1 as
previously described (Xia et al., 2017). Briefly, BEAS-2B cells were seeded in the
maintenance medium described in Section 2.1.3 and grown until ~90% confluent. To work
out the MO, cells in one well were washed once in warm PBS to remove detached cells
and then harvested with Trypsin-EDTA. Maintenance medium was added to the cells
suspension and cell count was performed using a haemocytometer. Proper viral stock
dilution was calculated based on TCIDs, of RSV inoculum and cell count to achieve the
required MOI.

RSV inoculum stock was thawed at 37°C, diluted in infection medium; DMEM,
supplemented with 1% (v/v) heat-inactivated FCS, 0.2% (v/v) sodium bicarbonate, 15 mM
HEPES, 1% (v/v) non-essential amino acids, 2 mM L-glutamine, 1% (v/v) sodium pyruvate,
50 mg/mL-1 streptomycin and 5 IU/mL-1 penicillin. For infection, the maintenance
medium was aspirated and then washed once in warm PBS. Cells were inoculated with
RSV at MOI 0.1 at a volume of 125 pL for 24 well plates or 200 pL for 6 well plates to
ensure efficient viral binding. Culture plates were incubated at 37°C, 5 % CO, and gently

rocked every 10-15 min for 1 h. One-hour post-infection, 1 mL/well of infection media was
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added and cells were incubated at 37°C, 5 % CO, and observed daily for cytopathic effects
induced by the virion until they were harvested for RNA or protein.

It is known that the clinical manifestation of RSV infection typically appears after
four to six days after exposure to the virus (Piedimonte and Perez, 2014). Therefore, we
chose 48 hours viral infection. Moreover, the RSV infection at MOI 0.1 longer than 48
hours induces apparent cytopathic effects, which impacts the cell viability, therefore,
maximum of 48 hours viral infection had been conducted. Our group had conducted
preliminary experiments to examine 24 hours RSV infection, in parallel to 48 hours RSV
infection, with 4 hours dexamethasone treatment in BEAS-2B cells. The expression of GC-
responsive genes was also decreased, however non-significantly, with 24 h RSV infection.

Moreover, our group also found that TGF-B mRNA at 24 h time point was higher
than the expression at 48 h time point. Previous data suggests that TGF-f3 effect can be
detected within 8 hours. Therefore, we could expect to see the secreted TGF-B-induced
effect by 48 hours after viral infection. Expression of PAI-T mRNA was used as a consistent
marker for TGF-f activity, as expected; the expression level of PAI-1 was significantly
increased with 48 hours viral infection.

3.3.4 PRRs Challenging

The following PRR ligands were used for challenging BEAS-2B cells: TLR2 agonists;
Zymosan A from Saccharomyces cerevisiae (Z4250, Sigma) and Lipoteichoic acid from
Staphylococcus aureus (L2515, Sigma), TLR3 agonist; double-stranded Poly (I).Poly (C)
(4287, Tocris Bioscience), TLR4 agonist; LPS from Escherichia coli (L-2630, Sigma), TLR7/8
agonist; Imiquimod (RDS370050, Tocris Bioscience) and RLR agonist; poly I:C
(LMW)/LyoVecTM (tirl-picwlv, InvivoGen).

Table 3.1| Pattern recognition receptors (PRRs) ligands used in the current study.

Target

Ligand Receptor Supplier Vehicle
Zymosan A TLR2 Sigma-Aldrich PBS
(from Saccharomyces cerevisiae) (Z4250)
Lipoteichoic acid TLR2 Sigma-Aldrich (L2515) PBS
(from Staphylococcus aureus)
Polyinosinic: Polycytidylic Acid TLR3 Tocris Bioscience PBS
(Poly I:C) (4287)
Lipopolysaccharide (LPS) TLR4 Sigma PBS
(from Escherichia coli) (L-2630)
Imiquimod TLR7 Tocris Bioscience DMSO

(RDS370050)
Poly I:C (LMW)/LyoVec ™ RIG/MDA5 InvivoGen Endotoxin-free
(tlrl-picwlv) water
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3.3.5 Epithelial Cell Transfection and Reporter Gene Assay

BEAS-2B cells were seeded overnight in a 24-well cell culture plates at a density of
75,000 cells/well in penicillin and streptomycin free LHC-9 medium supplemented by 2%
(v/v) charcoal-stripped FCS and 2 mM L-glutamine. BEAS-2B cells were co-transfected with
pGRE-SEAP (Clontech Laboratories Inc., Mountain View, CA) and pmax-GFP (Amaxa,
Lonza, Waverley, Australia) or pGL3-Luc (Promega, Alexandria, NSW, Australia) as
internal transfection controls using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as

mentioned previously in Section 2.4.5.

One-hour post-transfection, cells were either inoculated with RSV MOI 0.1 as
described in Section 3.3.3 or challenged with TLR ligands for 24 h before treatment with
dexamethasone (30 nM) (Sigma Aldrich, Castle Hill, NSW, Australia) or Vehicle (0.1%
DMSO) for 24 h. Supernatants were then collected, and SEAP levels were determined using
a chemiluminescence kit (Roche Applied Science, NSW, Australia) following
manufacturer’s protocol using Topcount (Perkin Elmer, Glen Waverley, VIC, Australia) as
detailed in Section 2.4.4. The determined SEAP level was normalized to the level of
luciferase expression as determined from cell lysates from cells transfected with pGL3
plasmid (described in Section 2.4.7). Cells transfected with pMAX-GFP were assessed
qualitatively for equivalent transfection efficiency, as determined by GFP fluorescence
using a Leica DMI6000B inverted fluorescence microscope. SEAP activity was used as a
measure of GRE activity and was expressed as a percentage of the SEAP level induced by

30 nM dexamethasone.
3.3.6 Determination of endogenous gene expression in BEAS-2B cell line

BEAS-2B cells were seeded in 24 well culture plate at a density of 50,000 cells per
well and allowed to adhere overnight in LHC-9 medium supplemented as detailed in
Section 2.1.3. BEAS-2B cells were washed once by sterile pre-warmed PBS then rendered
quiescent by starvation in serum-free DMEM medium containing 0.25% (w/v) BSA, 15 mM
HEPES, 0.2% (v/v) sodium bicarbonate, 2 mM L-glutamine, 1% (v/v) non-essential amino
acids, 1% (v/v) sodium pyruvate, 5 IU/mL penicillin and 50 mg/mL streptomycin for 24 h

prior to treatment.

Serum-starved cells were either inoculated with RSV MOI 0.1 as described in
Section 3.3.3 or challenged with different PRRs ligands. After 20 h of TLR challenging or
44 h of RSV infection, cells were treated with dexamethasone (30nM) or Vehicle (0.1%
DMSO) for 4 h. The 4-hour time point for mRNA expression of the GC-inducible genes
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was determined to be suitable by our group based on time-course evaluations (Salem et
al., 2012; Keenan et al., 2014). In some set of experiments, SB431542 (1uM), PF670462
(10uM) or U0126 (1uM) was added 30 min before RSV infection or poly I:C (10 pg/mL).
Total RNA was then extracted using TRIzol reagent (Invitrogen) (Section 2.6.1) and reverse-
transcribed into cDNA (Section 2.6.2). Endogenous gene expression was then determined

by RT-gPCR (Section 2.6.3) using specific primers listed in Table 2.1.
3.3.7 Determination of intracellular kinase phosphorylation

BEAS-2B cells were seeded in 6 well culture plates at a density of 100,000 cells/mL
in LHC-9 medium supplemented as detailed in Section 2.1.3. Cells were allowed to adhere
overnight and then serum-starved as described in Section 3.3.6 for 24 h before treatment.
Cells were incubated with SB431542 (1 uM) for 30 min before RSV inoculation at MOI of
0.1 (Section 3.3.3) for 3 h, 24 h and 48 h or TLR3 challenging using poly I:C (10 pg/mL) for
2 h, 4 h, 6 h and 24 h. Smad and Extracellular signal-regulated kinase (ERK)
phosphorylation were determined in cell lysates by Western blotting as detailed in Section

2.7 using specific antibodies listed in Table 2.3.
3.4 Results

3.4.1 Expression profiling and functional analysis of different TLRs in human bronchial

epithelial cells.

To validate our in vitro model, we firstly assessed the expression profile of different
TLRs in serum-starved unstimulated BEAS-2B cells by qRT-PCR. Our analysis revealed that
BEAS-2B cells expressed all TLRs (1-10), albeit at varying levels. Based upon the basal
mRNA expression (2°'x10°%), the most highly expressed TLRs were TLR2, TLR3 and TLR4,
TLR 1, TLR5, TLR6 and TLR9 were also expressed but al lower levels, whereas TLR7, TLRS,
and TLR10 mRNA appeared to be negligible as shown in Figure 3.2. Next, to confirm the
functional expression of different TLRs, we stimulated BEAS-2B cells with highly purified
specific ligands as listed in Table 3.1. Ligands for TLR2 (Zymosan A 10 pg/ml), =3 (poly I:C
10 pg/ml), —4 (LPS 10 pg/ml) were able to induce IL-6 and IL-8 expression with different
efficacy. However, BEAS-2B cells showed a much weaker response to Imiquimod (10 pM),

which is consistent with the weak expression of TLR7.
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Figure 3.2| Expression profiling and functional analysis of Toll-like receptors in BEAS-2B
cells.

A, RNA was extracted from serum-starved unstimulated BEAS-2B cells and analysed by RT-
gPCR. Results are expressed as 2-ACTx10° and presented as means + SEM for n = 4-6
independent experiments. B, BEAS-2B cells with challenged with Zymosan A (10 pg/ml),
poly I:C (10 pug/ml), LPS (10pg/ml) or Imiquimod (10 uM) for 24h. The expression level of
pro-inflammatory genes; /L-6 and /L-8, were determined by RT-qPCR. Data are expressed
as fold change from the unstimulated control. Data are presented as means and SEM for n
= 3-4 independent experiments.

74



CHAPTER 3: PRRs and Glucocorticoid Insensitivity

3.4.2 RSV Infection dampens glucocorticoid transactivation in bronchial epithelial cells

Dexamethasone (30 nM) was established previously as the concentration that
optimally activates glucocorticoid response element (GRE) activity in BEAS-2B cells
transfected with GRE-controlled SEAP expression vector (Salem et al., 2012; Keenan et al.,
2014). Inoculation of the cells with RSV at MOI of 0.1 for 24 h prior to the addition of
dexamethasone (30 nM) induced a profound suppression of GRE activity (p<0.0001).
Noteworthy, GRE activity was not reduced to baseline levels in RSV-infected cells treated
with dexamethasone (30 nM), and there was still some residual, however significant,
induction of GRE activity compared to vehicle-treated RSV infected cells (p=0.0047)
(Figure 3.3 A).

Since the artificial GRE promoter construct may respond differently from the
promoters of endogenous GRE-regulated genes, the expression of GRE-regulated genes was
measured to confirm the deleterious potential of RSV infection on dexamethasone-induced
transactivation. Dexamethasone (1-100 nM) has induced the expression of the selected
GC-inducible genes in a concentration-dependent manner. Inoculation of BEAS-2B with
RSV MOI 0.1 for 48 h significantly impaired dexamethasone-induced transactivation of
most of the GC-inducible genes assessed as shown in Figure 3.3 B.

Genes dampened by RSV infection included genes encoding glucocorticoid-
inducible leucine zipper (GILZ), which is thought to mediate a number of the anti-
inflammatory actions of glucocorticoids by inhibiting the activations of the pro-
inflammatory transcription factor NFkB; the epithelial sodium channel a subunit (ENaCa)
which has a role to limit the accumulation of fluid in the airway surface through uptaking
Na* ions; a-1 antichymotrypsin (serpin family A member 3; SERPINA3), which protects
lower respiratory tract from damage caused by proteolytic enzymes through inhibiting
proteases activity; cyclin-dependent kinase inhibitor 1C (CDKNT1C), which encodes the
cyclin-dependent kinase inhibitor, p57">which may mediate some of the growth
inhibitory actions of glucocorticoids; pyruvate dehydrogenase kinase isozyme 4 (PDK4),
that contribute to regulation of glucose metabolism; and the potassium channel shab-
related subfamily B member 1 (KCNBT) that controls electrolyte transport in airway
epithelial cells. Moreover, mRNA expression of promyelocytic leukaemia zinc finger
protein (PLZF); a transcriptional repressor that mediates antiproliferative and apoptotic
actions of GCs, showed a slight decrease, however non-significantly, in RSV-infected cells.
Worth-mentioning, Mock was used as a control in the current study to ensure that the
observed effects were due to the virus itself not to another RSV stock component since it is

crudely prepared from infected HEp-2 cells.
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Figure 3.3| Respiratory syncytial virus (RSV) infection attenuates glucocorticoid
transactivation in BEAS-2B cells.

A, BEAS-2B cells transiently transfected with GRE-controlled SEAP expression vector were
inoculated with RSV at MOI (multiplicity of infection) of 0.1 or a mock-conditioned medium
for 24 h then treated with dexamethasone for a further 24h. GRE activity was measured by the
level of SEAP in the supernatants. Data are presented as a percentage the SEAP level induced
in response to 30nM dexamethasone and shown as mean + SEM for n = 3 independent
experiments. B, BEAS-2B cells grown in cortisol deficient medium for 24 h were infected with
RSV (MOI 0.1) for 44 h, before stimulation by Dexamethasone (1, 3, 10, 30 100 nM) for 4h.
RNA was extracted and analyzed by RT-qPCR. Data are presented as fold change from Mock
control and shown as mean + SEM for n = 3 independent experiments. Ordinary two-way
ANOVA with Bonferroni's multiple comparisons post-hoc test was used to determine statistical
significance and p-values were coded as follows: *p<0.05, **p<0.01, ***p<0.001,
#4%p<0.0001.

3.4.3 RSV-induced expression of inflammatory cytokine was largely replication-

dependent

We thought to explore whether virus replication was needed to induce expression
of inflammatory cytokine; IL-6 and IL-8 or the surface contact with viral components was
sufficient. In order to do that, the replication competence of RSV was inhibited by either
heat-inactivation or UV-irradiation as previously mentioned in Section 3.3.2. Heat
inactivation of the virus denatures the viral proteins, hence, allows exploring the residual
impact of ssRNA viral genome alone. On the contrary, UV inactivation damages the viral

genome through dinucleotide crosslinking, while maintaining the viral proteins intact.

As seen in Figure 3.4 A, replication-competent RSV induces cell fusion and
syncytium formation; the cytopathic effect characteristic of RSV-infected cells, in HEp-2
cells. Successful viral inactivation was proved by the absence of syncytium in HEp-2 cells

inoculated with either HI-RSV or UV-RSV.

RSV infection induced a marked increase in the expression of pro-inflammatory
cytokines, namely IL-6 and IL-8 mRNA in BEAS-2B cells, whilst modest up-regulation of
IL-6 and IL-8 mRNA expression was observed in cells challenged with HI-RSV (MOI 0.1
and 1) and UV-irradiated RSV (MOI 0.1 and 1). UV and heat inactivation of the virus was
associated with approximately 10-fold reduction in IL-6 and IL-8 gene expression,
suggesting that RSV-induced expression of inflammatory cytokine was largely replication-
dependent. Dexamethasone (30nM) remarkably dampened expression of pro-
inflammatory cytokines; IL-6 and IL-8 in RSV-infected, HI-RSV- or UV-RSV-challenged
BEAS-2B cells (Figure 3.4 B).
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Figure 3.4| Impact of heat-inactivation or UV-irradiation on RSV replication competency and
inflammatory response.

A, HEp-2 cells inoculated with replication-competent RSV, (left), heat-inactivated RSV (center)
and UV-irradiated RSV (right). B, Serum-starved BEAS-2B cells were incubated with either RSV
(MOI 0.1), HI-RSV (MOI 0.1 and 1), UV-irradiated RSV (MOI 0.1 and 1) or the corresponding
Mock conditioned medium for 24 h before stimulation by dexamethasone (30 nM) for 4 h after
which RNA was extracted and analyzed by qRT-PCR. Gene expression is calculated as fold
change from control. Data are shown as mean and SEM for n = 3 - 6 independent experiments,
Ordinary 2-way ANOVA, Bonferroni's multiple comparisons post-hoc test, *p<0.05, **p<0.01,
*p<0.001, **** p<0.0001.
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3.4.4 RSV repression of GR-mediated transactivation in BEAS-2B cells is replication-

dependent

Next, we have investigated if the RSV-induced attenuation of GC-induced gene
transactivation and GRE activity is linked to viral replication or it is merely the signalling

caused by recognition of virus components.

To define the role of replication competence in the apparent resistance, GRE-SEAP
transfected BEAS-2B cells were challenged with either HI-RSV (MOI 0.1 and 1) or UV-
irradiated RSV (MOI 0.1 and 1) for 24h prior to treatment with dexamethasone (30 nM) for
further 24h. HI-RSV (MOI 0.1 and 1) has ameliorated GRE activation mediated by
dexamethasone (30 nM). On the contrary, UV irradiated RSV (MOI 0.1 and 1) has no
detectable effect on GRE activity. In terms of endogenous gene expression, neither HI-RSV
nor UV-RSV had altered transactivation of GRE-regulated genes GILZ, CDKN1C and Zinc
finger and BTB domain-containing protein 16 (ZBTB16) (Figure 3.5). These data support
the notion that RSV-induced impairment of GC sensitivity is at least partially replication-
dependent. Although the fact that the sets of experiments using replication competent RSV,
HI-RSV and UV-RSV were performed separately in different cell culture plates, which is a
suboptimal experimental setup for comparison, during each experiment, the virus and
mock used were originating from the same virus or mock batch. In addition, BEAS-2B cells
were obtained from the same source, were of similar passage number, and were handled
at the same facility. These might partly minimize the impact of confounders and make the

comparison possible.
3.4.5 TLR3 and TLR4 challenging suppress glucocorticoid-mediated transactivation

It is known that RSV infection activates a large repertoire of innate immune
responses specifically, TLR and RLR pathways (Hillyer et al., 2018). Therefore, we explored
the role of these pathways in RSV-mediated suppression of glucocorticoid induction of GR-
regulated genes. TLR3 and TLR4 are among the PRRs involved in RSV sensing, where TLR3
recognizes dsRNA intermediate, and TLR4 is RSV Fusion protein (F) sensor. In BEAS-2B
cells transfected with GRE controlled SEAP expression vector, incubation with the TLR3
agonist; poly I:C for 24 h prior dexamethasone (30 nM) treatment markedly attenuated the
GRE activity in a concentration-dependent manner, where complete inhibition was
observed at 10 pug/mL (Figure 3.6). TLR4 challenging with LPS; a canonical TLR4 agonist,
at a dose level of 0.1, 1T and 10 pg/mL had resulted in a significant reduction of GRE
activation induced by Dexamethasone (30 nM). However, neither of the tested

concentrations had led to complete inhibition of GRE activity.
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Figure 3.5| RSV infection impairs dexamethasone-induced gene transactivation in a
replication-dependent manner.

BEAS-2B cells transiently transfected with a GRE-SEAP reporter construct were incubated
with either (A) HI-RSV (MOI 0.1 and 1), (B) UV-irradiated RSV (MOI 0.1 and 1) or the
corresponding Mock-conditioned medium for 24 h before stimulation by dexamethasone
(30 nM) for a further 24 h. GRE activity was measured by the level of SEAP in the
supernatants. Data were presented as a percentage the SEAP level induced in response to
30 nM dexamethasone and presented as mean + SEM for n = 3 independent experiments.
Serum-starved BEAS-2B cells were incubated with either (C) HI-RSV (MOI 1), (D) UV-
irradiated RSV (MO 1) or the corresponding Mock-conditioned medium for 24 h with
Dexamethasone (Dex) (30 nM) added for the last 4 h. RNA was extracted and analyzed by
RT-qPCR. Gene expression is expressed as fold change from control. Data are presented as
mean and SEM for n = 3 - 6 independent experiments for C and n = 3-7 independent
experiments for D. Ordinary 2-way ANOVA, Bonferroni's multiple comparisons post-hoc
test, *p<0.01.
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Figure 3.6| Differential impact of TLR ligands on GRE activity in BEAS-2B cells.

BEAS-2B cells were transiently transfected with a GRE-SEAP reporter construct and incubated
with LTA (1,10 nM), Zymosan A (0.1, 1, 10 ug/mL), Poly I:C (0.003-10 ug/mL) or LPS (0.01-10
ug/mL) for 24 h with Dexamethasone (Dex) (30 nM) added for further 24 h. GRE activity was
measured by the level of SEAP in the supernatants. Data were presented as a percentage the
SEAP level induced in response to 30 nM dexamethasone and shown as mean + SEM for n = 3
- 4 independent experiments.

To further confirm these observations, expression of endogenous GRE regulated
genes had been measured in BEAS-2B cells exposed to poly I:C (10 pg/mL) or LPS (1, 10
pg/mL). As shown in Figure 3.7, Dexamethasone (1-100 nM) induced the expression of the
selected GC-inducible genes in a concentration-dependent manner. TLR3 activation by
poly I:C (10 pg/mL) for 24 h significantly repressed dexamethasone-mediated
transactivation of an array of the GC-inducible genes. Genes impaired by TLR3 challenging
included CDKN1C, ENaCa, GILZ, PDK4, KCNB1 and FK506 binding protein 5 (FKBP5),
which encodes FK506 binding protein that serves as a co-chaperone for the glucocorticoid
receptor and reductions in its levels have been correlated with severe asthma. Additionally,
poly I:C dampened dexamethasone-mediated mRNA expression of ZBTB16; also known
as PLZF, that encodes pro-myeolocytic zinc finger protein; a transcriptional repressor that

has been implicated in anti-inflammatory and growth-regulatory actions of glucocorticoids.
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Challenging bronchial epithelial cells with LPS (1, 10 ug/mL) had a much-limited impact
on GR-regulated genes transactivation, compared to that observed with Poly I:C, where
only the expression of COKN1C and GILZ were repressed, while ENaCa and PLZF did not
(Figure 3.8).

3.4.6 Neither TLR2 nor TLR7 activation impairs GC transactivation

TLR2 and TLR7 have been shown to play a key role in RSV-antiviral immunity
(Murawski et al., 2009). Hence, we have examined these receptors for possible
involvement in RSV deleterious effects on GC signalling in bronchial epithelial cells. In
order to address this question, we have used highly purified ligands for TLR2; Zymosan A
and Lipoteichoic acid (LTA) and TLR7; Imiquimod.

Exposure of BEAS-2B cells transiently transfected with GRE-SEAP expression vector
to TLR2 ligands; Zymosan A (0.1, 1 and 10 pg/mL), or Lipoteichoic acid (1 or 10 pg/mL),
for 24hr before 24 h of dexamethasone induction (30 nM), contrary to TLR3 and TLR4
ligands, did not attenuate dexamethasone-induced GRE activity (Figure 3.6). Noteworthy,
pre-incubation with TLR2 ligand; Zymosan A at 10 ug/mL had led to approximately 50%
increase in GRE activity. Moreover, activation of both TLR2 by Zymosan A (10, 100 pg/mL)
or TLR7 activation by Imiquimod (1 or 10uM) did not affect mRNA expression of GR-
mediated transactivation of CDKN1C, GILZ or ZBTB16 (Figure 3.9). These observations
suggest that however contributing to RSV sensing, neither TLR2 nor TLR7 activation
contributes to RSV-induced GC insensitivity.

3.4.7 RIG-1/MDA?5 activation had no detectable effect on glucocorticoid induction of
endogenous GR-regulated genes.

In addition to TLRs, both RIG-I and MDA5 contribute to RSV sensing, where RIG-I
has been stated to mediates the early innate immune response to RSV infection in bronchial
epithelial cells (Liu et al., 2007) and MDA-5 plays a crucial role in NF-kB-driven promoter
regulation following RSV infection (Yoboua et al., 2010a). Poly(I:C)-LMW/LyoVec is a
complex between poly(I:C)-LMW and the transfection reagent LyoVec™ 1:6 ratio (w/w).
Poly(l:C)-LMW (low molecular weight) is poly(l:C) with an average size is 0.2-1 kb. This
complex has been shown to induce the activation of the RIG-I/MDA-5 signalling pathway
(Kato et al., 2005; Gitlin et al., 2006). RIG-1/MDAG5 activation of BEAS-2B cells by poly 1:C
(LMW)/LyoVec for 24h had induced the expression of pro-inflammatory cytokines, namely
IL-6 and IL-8 mRNA and antiviral cytokine; Interferon-beta (INF- ) (Figure 3.10 B).
However, poly I:C (LMW)/LyoVec did not affect the GR-mediated transactivation of
ENaCa, GILZ and PLZF, suggesting that RLRs might not contribute to RSV-induced GC
insensitivity in epithelial cells. (Figure 3.10 A)
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Figure 3.7| TLR3 activation by poly I:C impaired dexamethasone-induced gene transactivation
in BEAS-2B cells.

Serum-starved BEAS-2B cells were challenged with poly I:C (10 pg/mL) for 20 h before
stimulation by dexamethasone (1-100 nM) for 4 h. Total RNA was extracted and analyzed by
RT-gPCR. Gene expression is presented as fold change from vehicle control and shown as mean
+ SEM for n = 4 - 5 independent experiments. Ordinary two-way ANOVA with Bonferroni's
multiple comparisons post-hoc test was used to determine statistical significance and p-values
were coded as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.8| Effect of TLR4 activation on glucocorticoid-mediated transactivation in BEAS-
2B cells.

Serum-starved BEAS-2B cells were challenged by LPS (1, 10 pg/mL) for 24 h with
Dexamethasone (Dex) (30 nM) added for the last 4 h. Total RNA was extracted, transcribed
and analyzed by RT-qPCR. Gene expression is presented as fold change from control and
shown as mean + SEM for at n = 4 -6 independent experiments. Ordinary two-way ANOVA
with Bonferroni's multiple comparisons post-hoc test was used to determine statistical
significance, and p-values were coded as follows: *, p<0.05; ***, p<0.001 of Control.
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Figure 3.9| Impact of TLR2 and TLR7 on transactivation of the glucocorticoid receptor
(GR)-mediated gene activation in bronchial epithelial cells.

Serum-starved BEAS-2B cells were challenged by (A) Zymosan A (10, 100 pg/mL) or (B)
Imiquimod (1 or 10 uM) for 24 h with Dexamethasone (Dex) (30 nM) added for the last 4
h. Total RNA was extracted, transcribed and analyzed by RT-qPCR. Gene expression is
presented as fold change from control and presented as mean + SEM for n = 4 -5
independent experiments. Ordinary two-way ANOVA with Bonferroni's multiple
comparisons post-hoc test was used to determine statistical significance.
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Figure 3.10| RIG-1/MDAS5 activation by poly I:C (LMW)/LyoVec did not affect
glucocorticoid transactivation (A), while it induced expression of the pro-inflammatory
antiviral cytokines (B).

Serum-starved BEAS-2B cells were challenged with poly I:C (LMW)/LyoVec (0.1, 1 pg/mL)
for 24 h with Dexamethasone (Dex) (30 nM) added for the last 4 h. RNA was extracted and
analyzed by RT-qPCR. Gene expression is expressed as fold change from control and
presented as mean + SEM for n = 3 - 4 independent experiments. Ordinary two-way
ANOVA with Bonferroni's multiple comparisons post-hoc test was used to determine
statistical significance, and p-values were coded as follows: *, p<0.05; **, p<0.01; ***,
p<0.001.

3.4.8 RSV infection and poly I:C induced endogenous TGF-f expression and activity

We next sought to disentangle the contribution of endocrine TGF-f in the observed
glucocorticoid insensitivity in RSV-infected or poly I:C-exposed cells. To that end, the
expression of TGF-f and plasminogen activator inhibitor-1 (PAI-1), a consistent marker for
TGF- activity, was assessed. Our data revealed that RSV inoculation significantly induced
mRNA expression of TGF-f1 and PAI-1 (Figure 3.11 A). This potential was further
confirmed by incubating the cells with the TGF-B receptor (activin-like kinase 5 (ALK5/
TGF- B R1 kinase) selective inhibitor, SB431542 [1uM; concentration validated in previous
studies done by our group (Salem et al., 2012; Keenan et al., 2014)] for 30 min prior to
RSV inoculation, where ALK5 inhibition by SB431542 abolished RSV-induced TGF-B1 and
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PAI-1 expression. These findings suggested that RSV-induced TGF-f expression might be
dependent on the activation of ALK5. Our group provided additional evidence of a role for
ALK5 activation in RSV-induced TGF-B expression using a structurally distinct ALK5
inhibitor; GW788388 and ALK5 siRNA, where both methods had shown to ablate TGF-8
expression in RSV-infected cells. Noteworthy, HI-RSV and UV-RSV did not affect the
mRNA expression level of TGF-B or PAI-1 in BEAS-2B cells (Figure 3.12), suggesting that
RSV-induced TGF-B activity is replication dependent.

Similar findings were observed in BEAS-2B cells stimulated with poly I:C, where
TGF-B and PAI-1 expression shown significant induction abolished with ALK5 inhibition
(Figure 3.11 B). Moreover, the phosphorylation of Smad2 was increased, albeit non
significally, 24h post poly 1:C exposure, in a manner markedly reduced by pre-incubation

with SB431542 (Figure 3.11C).
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Figure 3.11| Induction of transforming growth factor-$ (TGF-f)-responsive genes by RSV
infection and Toll-like receptor 3 (TLR3) ligand in bronchial epithelial cells.

A, BEAS-2B cells were incubated with SB431542 before inoculation with RSV at MOI of
0.1 for 48 h. Total RNA was extracted and analyzed by RT-qPCR. B, Serum-starved BEAS-
2B cells were incubated with SB431542 (1 pM) before challenging with poly I:C (10 pg/mL)
for 24 h. Total RNA was extracted and analyzed by RT-qPCR. Gene expression data from
A and B are expressed as fold change from vehicle control and presented as mean + SEM
forA,n=3-5,B,n=6-7and C, n =3 -4 independent experiments. C, Serum-starved
BEAS-2B cells were incubated with SB431542 (1 uM) before challenging with poly I:C (10
pg/mL) for 24 h. Smad phosphorylation was determined in cell lysates by Western blotting
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using phospho-specific antibodies. Densitometry data were normalized to B-actin
expression and then presented as mean and SEM of 4 experiments. Ordinary two-way
ANOVA with Bonferroni's multiple comparisons post-hoc test was used to determine
statistical significance and p-values were coded as follows: *p<0.05, **p<0.01,
#%0<0.001.
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Figure 3.12| Induction of transforming growth factor-$ (TGF-f)-responsive genes by RSV
infection in bronchial epithelial cells is replication dependent.

Serum-starved BEAS-2B cells were incubated with either (A) HI-RSV (MOI 1), (B) UV-
irradiated RSV (MOI 1) or the corresponding Mock-conditioned medium for 24 h with
Dexamethasone (Dex) (30 nM) added for the last 4 h. RNA was extracted and analyzed by
RT-gPCR. Gene expression was presented as fold change from control. Data are shown as
mean and SEM for n = 3 — 4 independent experiments. Ordinary one-way ANOVA with
Bonferroni's multiple comparisons post-hoc test was used to determine statistical
significance.
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3.4.9 ALK5 Inhibition precludes RSV and poly I:C-induced impairment of

glucocorticoid responsiveness in bronchial epithelial cells

Our laboratory has found that TGF-B attenuates glucocorticoid sensitivity in
pulmonary epithelial A549 cells, bronchial epithelial BEAS-2B cells and primary ALI-
HBECs. The observed attenuation of the transcriptional responses to glucocorticoid in these

cell lines was inhibited with the SB431542 (Salem et al., 2012; Keenan et al., 2014).

Therefore, we examined the effects of ALK5 inhibition by SB431542 at a
concentration (1 uM), to confirm its impact on glucocorticoid irresponsiveness induced by
RSV infection and poly 1:C exposure. We have found that inhibition of ALK5 by SB431542
(1 uM) prevent impairment of the GRE response to dexamethasone (30 nM) in RSV-infected
and poly I:C-stimulated epithelial cells (Figure 3.13 A and Figure 3.14 A). Moreover,
inhibition of ALK5 using SB431542 attenuated RSV infection and poly I:C-induced
suppression of selected gene expression responses to dexamethasone (30 nM) exemplified
by ENaC-a and GILZ expression (Figure 3.13B and Figure 3.14B). Collectively, these
findings suggested that activation of ALK-5 contributes to the RSV infection and poly I:C-
induced GC impairment. Our group provided additional evidence of a role for ALK5
activation in mediating RSV-induced GC resistance using a structurally distinct ALK5
inhibitor; GW788388 and ALK5 siRNA, where both methods had shown to ablate GC
insensitivity in RSV-infected cells (Xia et al., 2017).

3.4.10 PF670462 abrogated RSV and poly I:C induced impairment of glucocorticoid

actions

Our group have recently implicated casein kinase 1 8/e (CK1 &8/¢) in TGF-f 1 signals
subserving glucocorticoid insensitivity (Li et al., 2019). Hence, we have harnessed
PF670462 in the current study as a potent and selective dual CK1¢/8 inhibitor to explore
the impact of the CK1 /e inhibition on RSV-mediated attenuation of GC epithelial cell
responses. To that end, BEAS-2B cells were treated with PF670462 (10 uM) (Abcam,
Australia) for 30 min before RSV infection (MOI 0.1) or exposure to poly I:C (10 pg/mL).
Data indicated that PF670462 fully prevented the deleterious effect of both RSV infection
and poly I:C stimulation on dexamethasone-induced GRE activity (Figure 3.15 A and Figure
3.16 A). Moreover, it significantly precluded RSV- and poly I:C-mediated suppression of
selected gene expression responses to Dex (30 nM), exemplified by ENaC-« and GILZ
expression (Figure 3.15 B and Figure 3.16 B). Besides, PF670462 abrogated TGF-B1 and
PAI-1 expression induced by RSV infection (Figure 3.17).
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Figure 3.13| ALK5 inhibition prevents RSV-induced glucocorticoid irresponsiveness in
bronchial epithelial cells.

A, BEAS-2B cells were transiently transfected with a GRE-SEAP reporter construct,
incubated with SB431542 (1 uM) for 30 min before infection with RSV at MOI 0.1 for 24
h with Dexamethasone (Dex) (30 nM) added for further 24 h. GRE activity was measured
by the level of SEAP in the supernatants. Data were presented as a percentage the SEAP
level induced in response to 30 nM dexamethasone and shown as mean + SEM for n = 3
independent experiments. B, BEAS-2B cells were incubated with SB431542 (1 uM) for 30
min before RSV infection with at MOI 0.1 for 48 h then were treated with Dexamethasone
(30 nM) for the last 4 h. RNA was extracted and analyzed by RT-qPCR. Data are expressed
as fold change from control and presented as mean + SEM for n = 3 independent
experiments. Ordinary two-way ANOVA with Bonferroni's multiple comparisons post-hoc
test was used to determine statistical significance and p-values were coded as follows:
*p<0.05, **p<0.01, ***p<0.001.

90



CHAPTER 3: PRRs and Glucocorticoid Insensitivity

A GRE Activity (%30 nM Dex)
normalized to luciferase

250 ns
I >|<>|<>|<I
2007 e [ Vehicle
150- 1 SB431542 1M
Dex 30nM
1001 >
g Dex 30nM+ SB431542 1uM
50 é
Joadd =4bB
Control Poly I:C
B Epithelial Sodium Channel o-Subunit Glucocorticoid-Induced Leucine Zipper
Gene Expression (Fold Vehicle Control)  Gene expression (Fold Vehicle Control)
61 N 25 s
T * 1 T
" —] 20 1 . * k%
4- T 1
154 :
104
2 4
5
0- 0- = =
Control Poly I:C Control

Figure 3.14| ALK5 inhibition attenuates glucocorticoid insensitivity induced by TLR3
activation in bronchial epithelial cells.

A, BEAS-2B cells were transiently transfected with a GRE-SEAP reporter construct,
incubated with SB431542 (1 uM) for 30 min before challenging with poly I:C (10 pg/mL)
for 24 h with Dexamethasone (Dex) (30 nM) added for further 24 h. GRE activity was
measured by the level of SEAP in the supernatants. Data were expressed as a percentage
the SEAP level in response to 30nM dexamethasone and presented as mean + SEM for at
least 3 independent experiments. B, BEAS-2B cells were incubated with SB431542 (1 uM)
for 30 min before stimulation with poly I:C (10 pg/ml) for 24 h then were treated with
Dexamethasone (30 nM) for the last 4 h. RNA was extracted and analyzed by RT-gPCR.
Data are presented as fold change from control and shown as mean + SEM for A, n=3 - 6
independent experiments and B, n = 4 independent experiments. Ordinary two-way
ANOVA with Bonferroni's multiple comparisons post-hoc test was used to determine
statistical significance and p-values were coded as follows: *p<0.05, ***p<0.001.
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Figure 3.15| The dual CK18/¢ inhibitor PF670462 attenuate RSV-mediated glucocorticoid
insensitivity in bronchial epithelial cells.

A, BEAS-2B cells were transiently transfected with a GRE-SEAP reporter construct,
incubated with PF670462 (10 uM) for 30 min before infection with RSV at MOI 0.1 for 24
h with Dexamethasone (Dex) (30 nM) added for further 24 h. GRE activity was measured
by the level of SEAP in the supernatants. Data were presented as a percentage the SEAP
level induced in response to 30nM dexamethasone and shown as mean + SEM for n = 3
independent experiments. B, BEAS-2B cells were incubated with PF670462 (10 uM) for 30
min before RSV infection with at MOI 0.1 for 48 h then were treated with Dexamethasone
(30 nM) for the last 4 h. RNA was extracted and analyzed by RT-qPCR. Data were presented
as fold change from control and shown as mean + SEM for n = 3 independent experiments.
Ordinary two-way ANOVA with Bonferroni's multiple comparisons post-hoc test was used
to determine statistical significance and p-values were coded as follows: *p<0.05,
##p<0.01, ***p<0.001.
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Figure 3.16| The dual CK18/¢ inhibitor PF670462 attenuate glucocorticoid insensitivity
induced by TLR3 activation in bronchial epithelial cells.

A, BEAS-2B cells were transiently transfected with a GRE-SEAP reporter construct,
incubated with PF670462 (10 uM) for 30 min before challenging with poly I:C (10 pg/mL)
for 24 h with Dexamethasone (Dex) (30 nM) added for further 24 h. GRE activity was
measured by the level of SEAP in the supernatants. Data were presented as a percentage
the SEAP level in response to 30nM dexamethasone and shown as mean + SEM forn = 3 -
6 independent experiments. B, BEAS-2B cells were incubated with PF670462 (10 puM) for
30 min before stimulation with poly I:C (10 pg/ml) for 24 h with Dexamethasone (Dex) (30
nM) added for the last 4 h. RNA was extracted and analyzed by RT-qPCR. Data are
expressed as fold change from control and presented as mean + SEM for A, n = 3- 6 and B,
n= 3-4 independent experiments. Ordinary two-way ANOVA with Bonferroni's multiple
comparisons post-hoc test was used to determine statistical significance and p-values were
coded as follows: *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.17| The dual CK18/¢ inhibitor PF670462 prevents TGF-f activity provoked by
RSV infection in bronchial epithelial cells.

BEAS-2B cells were incubated with PF670462 (10 puM) for 30 min before (A) RSV
inoculation at MOI of 0.1 for 48 h with Dexamethasone (Dex) (30 nM) added for the last 4
h. RNA was extracted and analyzed by RT-qPCR. Data are presented as fold change from
control and shown as mean + SEM for A, n =3 and B, n =3 - 5 independent experiments.
Ordinary two-way ANOVA with Bonferroni's multiple comparisons post-hoc test was used
to determine statistical significance and p-values were coded as follows: *p<0.05,
##p<0.01, ***p<0.001.

3.4.11 Inhibition of CK138/e or ALK5 subdues pro-inflammatory cytokine
expression in RSV-infected BEAS-2B cells

The expression of genes encoding IL-6 and IL-8 are known to be regulated by
glucocorticoid transrepression mechanism (King et al., 2013). Therefore, we investigated
whether RSV infection impairs the regulation of IL-6 and IL-8 expression in BEAS-2B cell.
As expected, RSV infection prompted the expression of /L-8 and IL-6 mRNA in BEAS-2B
cells. Dexamethasone (30 nM) subdued the RSV infection-induced /L-6 and /L-8 expression.
Next, we explored whether the inflammatory response triggered by RSV infection can be
inhibited by targeting ALK5 or CK18/e. Interestingly, pre-treatment of cells with either
SB431542 (1 uM) or PF670462 (10 puM) prior to RSV inoculation had no effect on IL-8
mRNA expression, yet significantly repressed RSV-induced /L-6 expression (Figure 3.18 A
and Figure 3.18 B).
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Figure 3.18| Effect of TGF-B modulators on dexamethasone regulation of RSV-induced
pro-inflammatory cytokine expression in BEAS-2B cells.

BEAS-2B cells were incubated with (A) SB431542 (1 uM) or (B) PF670462 (10 uM) for 30
min before RSV inoculation at MOI of 0.1 for 48 h with Dexamethasone (Dex) (30 nM)
added for the last 4 h. RNA was extracted and analyzed by RT-qPCR. Data were presented
as fold change from Mock control and shown as mean + SEM for n = 3 independent
experiments. Ordinary two-way ANOVA with Bonferroni's multiple comparisons post-hoc
test was used to determine statistical significance and p-values were coded as follows:
*p<0.05, **p<0.01, ***p<0.001.
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3.4.12 RSV infection elicits TGF-B expression and activity and mitigates glucocorticoid

sensitivity via ERK1/2-dependent pathway

RSV infection of epithelial cells triggers a plethora of intracellular signalling cascades. A
number of the underlying kinases are implicated in non-canonical TGF-B signalling
pathways, including ERK1/2, p38™™ Akt, INK and NFxB. Therefore, the involvement of
these pathways was investigated. Interestingly, while RSV infection had no significant effect
on phosphorylation of p38™*™, Akt, JINK and NFkB (results not mentioned here), RSV
infection triggered ERK1/2 phosphorylation in BEAS-2B cells, as demonstrated by Western
blotting using corresponding antibodies and phospho-antibodies (Figure 3.19 A). The
phosphorylation of the ERK1/2 was induced at 3h post RSV inoculation and become
significant 24 h post-infection. At 48 h following exposure to RSV, ERK-1 and ERK-2
phosphorylation was not detected. Intriguingly, incubation of the BEAS-2B cells with
SB431542 (1 uM) 30 min prior to RSV infection had no effect on the phosphorylation of
ERK1/2 , albeit the data were too variable to provide a confident interpretation (1951.6 +
910.4, 1348.7 £ 543.4, p=>0.9999). This suggests possible involvement in RSV-induced
TGF-B expression and activity and subsequently GC insensitivity. We, therefore, explored
this possibility using mitogen-activated protein kinase kinase-1/2 (MEK1/2) inhibitor
(U0126, Tocris, Bristol, UK) at 1 uM, the concentration that was proved effective based on
our previous experience (Kassel et al., 2008; Le Quément et al., 2008; Salem et al., 2012;
Keenan et al., 2014). Pre-incubation of the cells with U0126 (1uM) 30 min prior to RSV
exposure significantly reduced RSV-mediated expression of TGF-f and PAI-1 mRNA (Figure
3.19 C) and abolished the RSV-induced impairment of budesonide-induced transactivation

of GILZ (Figure 3.19 B).

Analogous observations were reported in BEAS-2B cells exposed to the TLR3
ligand; poly I:C stimulation (10 pg/ml). Poly 1:C has also triggered EKR1/2 phosphorylation,
however, at an earlier time point (6 h) and continued until 24 h post poly I:C stimulation
(Figure 3.20 A). Pre-incubation with SB431542 (1 pM) 30 min prior to poly I:C challenging
significantly attenuated the phosphorylation of ERK1/2. Furthermore, ERK1/2 inhibition
with U0126 (1uM), added to the cells prior to poly I:C stimulation (10 pg/ml), had repressed
the expression of TGF-f and PAI-1 mRNA (Figure 3.20 C) and attenuated impairment of
GR-mediated transactivation of G/LZ mediated by TLR3 challenging (Figure 3.20 B).
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Figure 3.19| RSV infection induced TGF-B activity and subsequent impairment of
glucocorticoid transactivation are associated with ERK1/2 phosphorylation.

A, BEAS-2B cells were incubated with SB431542 (1 uM) before RSV inoculation at MOI of 0.1
for 3 hr, 24 hr and 48 hr. ERK phosphorylation was determined in cell lysates by Western
blotting using phospho-specific antibodies. Densitometry data were normalized to GAPDH
expression and then presented as mean and SEM of 3 experiments. B and C, BEAS-2B cells
were incubated with U0126 (1 uM) for 30 min before RSV inoculation at MOI of 0.1 for 48 h
with Budesonide (Bud) (100 nM) added for the last 4 h. RNA was extracted and analyzed by
RT-gPCR. Data are expressed as fold change from uninfected control and presented as mean +
SEM for n = 3 independent experiments. Ordinary two-way ANOVA with Bonferroni's
multiple comparisons post-hoc test was used to determine statistical significance and p-
values were coded as follows: *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.20| TLR3 activation induced TGF-B activity and subsequent impairment of
glucocorticoid transactivation are associated with ERK1/2 phosphorylation.

A, BEAS-2B cells were incubated with SB431542 (1uM) before treatment with Poly 1:C (10
pg/ml) for 2 h, 6 h and 24 hr. ERK phosphorylation was determined in cell lysates by Western
blotting using phospho-specific antibodies. Densitometry data were normalized to GAPDH
expression and then presented as mean and SEM of A, n = 8 — 11 independent experiments. B
and C, BEAS-2B cells were incubated with U0126 (1 pM) for 30 min before treatment with Poly
[:C (10 pg/ml) with Dexamethasone (Dex) (30 nM) added for the last 4 h. RNA was extracted
and analyzed by RT-qPCR. Data are presented as fold change from vehicle control and shown
as mean = SEM for B, n = 3 - 5 independent experiments and C, n = 4 - 5 independent
experiments. Ordinary two-way ANOVA with Bonferroni's multiple comparisons post-hoc
test was used to determine statistical significance and p-values were coded as follows:
*p<0.05, **p<0.01, ***p<0.001.

3.5 Discussion

RSV infection has a deleterious impact on GC signalling via undefined mechanisms.
The airway epithelium is the prime target for RSV infection and has been involved in the
frontline defence against respiratory viruses (Vareille et al., 2011). Hence, these cells are
likely to play a crucial role in RSV infection pathogenesis. In this chapter, we have
attempted to decipher the mechanism of RSV-induced glucocorticoid insensitivity in
airway epithelium. It is anticipated that this knowledge will ultimately define novel targets

to circumvent steroid insensitivity.

The immortalised bronchial epithelial cell line BEAS-2B is the most commonly
employed for the in vitro study of RSV infection. Hence, we have selected BEAS-2B cell
line to conduct the current study as a surrogate model for hAECs. BEAS-2B cell line was
generated from human bronchial epithelial cells by introducing viral H-ras (Reddel et al.,
1988; Kaighn et al., 1989). BEAS-2B cells have been proved to share some characteristics
of primary bronchial epithelial cells. For instance, BEAS-2B cells maintain the typical
epithelial morphology and the same epithelial functional characteristics, however, they
lack the individual variability observed in hAECs (Stewart et al., 2012). They also exhibit
almost identical intracellular signalling pathways to that present in primary bronchial
epithelial cells (Sauty et al., 1999; Schwarze et al., 2004) and show a similar responsiveness
spectrum to numerous stimuli and pathogens (Thomas et al., 1998; Pichavant et al., 2003;
leki et al., 2004; Schwarze et al., 2004). Moreover, BEAS-2B cells express all types of TLRs
with the same spatial localization in the differentiated human AECs (loannidis et al., 2013),
hence these cells present a satisfactory platform to test different TLRs ligands. BEAS-2B cells
also mirror some hallmarks of RSV infection reported in vivo. For instance, in

histopathological studies, the fatal cases airways have shown restriction of RSV infection
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to small foci (Aherne et al., 1970; Johnson et al., 2007) and the same pattern is observed
in RSV-infected BEAS-2B cells (Hillyer et al., 2018). Additionally, RSV infection of BEAS-
2B cells triggers robust pro-inflammatory responses, characterized by cytokines and
chemokines release and generates antiviral immune responses with the expression of
interferon-stimulated genes (Aherne et al., 1970; Johnson et al., 2007; Hillyer et al., 2018).
Most importantly, BEAS-2B cells produce diverse inflammatory mediators implicated in the
asthma pathogenesis, e.g., TGF-a and -B, GM-CSF, IL-6, IL-8 and TNF-a. However, BEAS-
2B cells are derived from healthy donor, so extrapolating findings to asthma is problematic
due to intrinsic differences between non-asthmatic and asthmatic airway epithelial cells,
i.e., the baseline expression levels of PRRs. A study has examined baseline expression of
PRRs; TLR3, MDA5 and RIG-I in cultured pBEC from asthmatic and healthy subjects and
found similar mRNA expression levels in the two subject groups. Similar pattern was
observed in an in vivo setting by measuring the TLR3, RIG-l and MDA5 mRNA levels from
endobronchial biopsies obtained from these subjects (Parsons et al., 2014). However,
cultured pBECs from asthmatics released significantly reduced levels of types | and Il IFNs
when exposed to RV infection indicating the defective signalling through TLR3 and MDA5
in asthmatic pBEC, despite the normal expression and induction of these PRR (Wark et al.,
2005; Contoli et al., 2006; Parsons et al., 2014). Another study has investigated the
expression of TLR2, TLR3 & TLR4 in large and small airways of fatal asthmatics, mild
asthmatic and deceased control subjects. The immunohistochemistry has shown higher
TLR2 expression in the epithelial and outer layers of large and small airways of fatal
asthmatic patients compared with deceased controls. Fatal asthmatic patients had greater
TLR3 expression in the outer layer of large airways and no significant differences in the
small airways. A greater TLR4 expression were detected in the outer layer of small airways
of fatal asthmatics when compared to deceased controls. No bacterial DNA was detected
in both groups. QRT-PCR had detected only a small difference in TLR3 expression between
mild asthma patients and healthy controls (Ferreira et al., 2012a; Ferreira et al., 2012b).
Upregulation of epithelial gene expression for TLR2 and TLR4, but not TLR5, was observed
by examining the epithelial brushings obtained from the large airways at bronchoscopy
from asthmatic and healthy subjects (Cottey et al., 2011). On the contrary, targeted gene
expression arrays of asthmatic and non-asthmatic airway wall samples have examined the
expression patterns of candidate genes hypothesized to be involved in the asthma

pathophysiology. Of all TLRs tested, only TLR7 was down-regulated (Pascoe et al., 2017).
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Given that the anti-inflammatory effects of glucocorticoids are mediated, at least in
part, by the transactivation of anti-inflammatory genes, we examined the impact of human
RSV and different PRRs ligands on both GRE-mediated promoter activity and GC-inducible
gene expression. Noteworthy, we have chosen 48 h of RSV infection as a time point to
conduct the current study since, first, the longer incubation periods induce apparent
cytopathic effects and impact the cell viability, second, previous data suggested that TGF-
B effect can be detected within 8 h post-infection (Gibbs et al., 2009; Mgbemena et al.,
2011; Bakre et al., 2015). Therefore, we have expected to see the secreted TGF-B-induced

effect by 48 h after viral infection.

RSV infection has been proved to have a detrimental effect on anti-inflammatory
GR signalling (Hinzey et al., 2011; Marketon and Corry, 2013; Xia et al., 2017). In line
with previous reports, RSV inoculation in BEAS-2B cell line had attenuated
dexamethasone-induced GRE activity and impaired the expression of GC regulated genes,
including ENaCe, GILZ, SERPINA3, CDKN1C, PDK4, KCNB1 and ZBTB16, however, with
varying degrees of inhibition. CILZ is a GC-responsive gene that mediates anti-
inflammatory actions of glucocorticoids by inhibiting the activations of the pro-
inflammatory transcription factor NFkB in macrophages, T cells and epithelial cells as well
(Eddleston et al., 2007). Attenuation of G/LZ expression by viral infection dampens the anti-
inflammatory potential of glucocorticoids. In lung epithelial cells, ENaC channels regulate
the level of airway surface fluids. Viral infection impairs ENaCa expression resulting in fluid
accumulation on the airway surface and recurrent infections in the lung (Itani et al., 2002).
The observed attenuation of GC action in the current study may explain clinical
ineffectiveness of GC treatment in patients with RSV infection. The GC-inducible genes are
not only regulated by GC, but also subject to complex regulation by other factors due to
promoter complexity. It has been reported that COKN1C can be down-regulated through
a combination of epigenetic modifications such as promoter hypermethylation, histone
deacetylation, repression of tumour suppressor genes by CCCTC-binding factor (CTCF) and
noncoding RNA transcripts. We have previously shown that TGF-B-impaired GC-induced
CDKNTC expression was not a result of epigenetic repression of gene transcription.
However, there might be other factors released from the viral infected-cells that caused
repression of the gene transcription through epigenetic modification. It is likely to explain

why this gene was more profoundly suppressed by RSV infection.
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Although RSV infection impaired the transactivation of most of the GC-regulated
genes measured, we found that glucocorticoids might be beneficial in regulating RSV-
induced cytokine expression, where dexamethasone markedly repressed the expression of
RSV-induced mRNA encoding the pro-inflammatory cytokines; IL-6 and IL-8. The observed
downregulation of pro-inflammatory cytokines (IL-6 and IL-8) would need to be validated

at protein level.

To test whether the observed deleterious effect of RSV infection on GC
responsiveness is replication-dependent, RSV was inactivated either by heat or UV
irradiation. Challenging BEAS-2B cells with HI-RSV (MOI 0.1 and 1) and UV-irradiated
RSV (MOI 0.1 and 1) have up-regulated /-6 and /L-8 mRNA expression, however to a
limited extent compared to the alive RSV. This shows that inactivated virion particles retain
their ability to interact with surface receptors that elicit signalling cascades with the

subsequent release of inflammatory mediators.

Indeed, literature provides several pieces of evidence for the interactions of RSV
proteins with PRRs on the surface of airway epithelial cells. Several studies have reported
the secretion of CCL5, CXCL8, CXCL10 and IL-6 in response to the UV-irradiated virus in
addition to purified RSV F and G proteins (Arnold et al., 1994; Fiedler et al., 1995; Mellow
et al., 2004; Oshansky et al., 2010). The IL-6 secretion induced by the recombinant RSV
F-protein has been attributed to the interaction with TLR4 (Kurt-Jones et al., 2000b; Kurt-
Jones et al., 2000a).

We have found that HI-RSV, but not UV-RSV, has mitigated Dexamethasone-
induced GRE activity. However, neither HI-RSV nor UV-RSV had detectable effects on
dexamethasone-induced transactivation of endogenous GR regulated genes; GILZ,
CDKN1C or ZBTB16. The controversy between the suppression of GRE activity and the
endogenous GR-regulated gene expression in case of HI-RSV is expected. Similar to any
synthetic reporter constructs, GRE reporter constructs do behave differently to the
endogenous promoters. The construct employed in the current study contains multiple
tandem GRE sequences. Additionally, the endogenous GC inducible genes are subjected
to the regulation complexity related to chromatin structure and epigenetic regulation, the
expression regulation by cofactors and sensitivity to post-translational modifications of GR
a whilst the GRE reporter constructs are not (Clark and Belvisi, 2012). In line with our
observation, Hinzy and his colleagues had reported that UV irradiation prevented RSV
mediated suppression of glucocorticoid responses in BEAS-2B cells (Hinzey et al., 2011).

These findings suggest that RSV-induced GC insensitivity is replication dependent.
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RSV infection induced a plethora of immune responses in airway epithelial cells,
most importantly innate immune responses through recognition of viral PAMPs by
epithelial cell PRRs, particularly TLR2, 3, 4 and 7. This has led to hypothesis that PAMPs
can recapitulate RSV-induced compromised epithelial responses to glucocorticoids. To test

this hypothesis, we have explored the impacts of different PRRs ligands on GC signalling.

TLR2 and TLR7 are among PRRs that play a key role in RSV-antiviral immunity
(Murawski et al., 2009). These PRRs can recognize RSV capsid proteins and ssRNA
respectively. Regrading RSV-induced GC resistance, we have found that neither activation
of TLR2 with Zymosan A or LTA nor TLR7 with Imiquimod had attenuated GRE activity or
GC-regulated genes transactivation suggesting that both receptors do not contribute to RSV-
induced GC insensitivity. This comes in line with the aforementioned results that HI-RSV;
a surrogate to ssRNA, and UV-irradiated RSV; a surrogate to viral proteins, have no role in

the RSV-induced GC insensitivity in the airway epithelium.

TLR3 is an endosomal PRR that recognizes short intramolecular dsRNA segments
that are formed during RSV replication (Martinez and Melero, 2002). Martinez and Melero
(2002) showed that short intramolecular dsRNA segments were formed during RSV
replication. dsRNA is then released into the extracellular space following RSV-mediated
cell destruction and necrosis. Minute amounts of dsRNA, as little as one molecule per cell,
can profoundly impact cellular biology (Jacobs and Langland, 1996). The
microenvironment around the airway epithelial cells would have these very small
quantities of dsRNA that can conjugate with the TLR3 to elicit antiviral and inflammatory
responses. Poly 1:C; a mimic to viral dsRNA, have been used in the current study as a TLR3
ligand. We have found that poly I:C markedly impaired dexamethasone GRE activity, with
a complete inhibition achieved at 10 pg/mL. Moreover, transactivation of an array of
endogenous GC regulated genes, including GILZ, ENaCa, CDKNI1C, PDK4, FKBP5,
KCNBT1 and ZBTB16 were attenuated in BEAS-2B cells. Marketon and Corry had reported
similar observations, where dexamethasone transactivation of G/ILZ and FKBP5 in BEAS-2B
and hAECs had been repressed following exposure to poly 1:C (Webster Marketon and
Corry, 2013a).

Worth mentioning, poly I:C had been added in our experiment without
transfection. On the contrary to the exclusive endosomal localization of TLR3 in APCs,
TLR3 was also detected on the cell surface of BEAS-2B cell line, as well as the apical and
basolateral surfaces of differentiated AECs (Blasius and Beutler, 2010; loannidis et al.,

2013). Other studies validated the localization of the TLR3 receptor on the epithelial cell
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surface by flow cytometry. Hewson et al. (2005) demonstrated that TLR3 receptor was
expressed on the cell surface of BEAS-2B cells exposed to RV. Ueta et al. (2005) showed
that TLR3 receptor was expressed on the human corneal epithelial cells surface. Moreover,
several studies have proved the effective internalization of poly I:C into endosomal TLR3
in the human corneal epithelial cells (hCECs) (Kumar et al., 2006). This also highlights the
expanded ability of endosomal TLR3 to recognize viral dsRNA released from neighbouring
infected dying cells in addition to the endogenously generated dsRNA (Kumar et al., 2006).
These facts rationalize for the exogenous application of poly I:C without transfection used

in the current study.

The host innate immunity harnesses the endosomal TLR3-signalling pathway in
addition to cytoplasmic RNA helicases for poly 1:C sensing (Le Goffic et al., 2007; Liu et
al., 2007; Kalali et al., 2008; Wornle et al., 2009). Dauletbaev and colleagues (2015) have
proven the ability of naked poly I:C; which is used in the current study, to leak from the
endosome and become accessible to cytoplasmic RNA helicases; RIG-1 and MDAS5, with
consequent activation of MAVS pathway. Moreover, impaired induction of type | IFN has
been reported in TRIF/IPS double knockout mice following intraperitoneal administration
of poly I:C compared to mice deficient of either of them (Kumar et al., 2008). Slater and
co-workers have proved that TLR3 can upregulate the expression of both MDA5 and RIG-
1 genes in hBECs infected with RV (Slater et al., 2010). This raised the question as to
whether the observed deleterious effects of poly I:C on GC actions were partly downstream
of cytosolic RNA helicase mediated signalling. Therefore, we thought to explore the impact
of poly I:C complexed with a transfection reagent on GC responsiveness. Transfected poly
[:C predominantly reach the cytosol resulting in preferential activation of MDA-5 or RIG-
1. Although challenging RLRs with poly I:C (LMW)/LyoVec promoted the expression of pro-
inflammatory and antiviral genes, it did not affect the GC actions. These findings support

the notion that poly I:C diminished GC actions downstream of TLR3.

Whilst TLR3 activation markedly diminished GRE-dependent transactivation, we
have found that challenging bronchial epithelial cells with LPS; TLR4 ligand, partially
impaired the GRE activity. In terms of endogenous genes expression, TLR4 activation had
much-limited attenuation of GR-regulated genes transactivation, where only the expression
of CDKN1C and GILZ among genes assessed were repressed. These data suggest that the
contribution of TLR4 pathway to RSV-induced GC insensitivity may be limited.
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Binding of TLR3 to its ligand activates the expression of multiple transcription
factors such as MAPK, NF-kB and members of IRF family with subsequent production of
inflammatory cytokines and type I/lll IFNs. So, it is plausible that the RSV impairs GC
signalling through the release of cytokine(s) that act in an autocrine manner. Among the
cytokines induced by RSV infection, IL4, IL13, IL17, TNFa and IFNy had been shown to
interfere with GC action in epithelial cells (Rider et al., 2011; Zijlstra et al., 2012;
O'Connell et al., 2015). However, the impact of TNFa, IL-4 and IL-13 on the GC actions
was partially limited and cannot account for the profound GC impairment seen in RSV-

infected epithelial cells.

Recently, extensive studies by our group have established TGF-B1 as a key mediator
of glucocorticoid insensitivity in different epithelial cell types; A549 and BEAS-2B cells.
The apparent resistance induced by TGF-B1 occur through ALK5 activation, whilst the
signal transduction downstream of ALK5 could not be linked to any canonical or non-
canonical pathways (Salem et al., 2012; Keenan et al., 2014). This led to the hypothesis
that RSV may impair GC signalling through TGF-B1 release.

It has been proven that TGF-B1 expression and secretion is evident during RSV
infection in epithelial cells (Gibbs et al., 2009). Coinciding with this, we have demonstrated
that RSV infection triggered the expression of endogenous TGF-B1 and PAI-1; a TGF-f31-
responsive gene in BEAS-2B cells, while ALK5 inhibition by SB431542 abolished these
effects. Similarly, poly I:C has been shown to provoke the expression of TGF-1 and PAI-1
expression and significantly elevated levels of phosphorylated Smad2/3 indicative of TGF-
B1 activity. Pre-incubation with SB431542 blocked poly I:C-induced TGF-B1 activity
which in turn inhibited activation of Smad2/3 signalling. Intriguingly, SB431542 abrogated
both RSV and poly I:C-evoked impairment of GRE activity, GR-induced transactivation of
GILZ and ENaC expression, therefore enhancing GC therapeutic potential and airway fluid

regulation.

We have shown that RSV-induced TGF-f8 expression was triggered by ERK1/2
phosphorylation, at least partially via TLR3 activation. Inhibition of ERK1/2 activation using
U0126 repressed RSV- and poly I:C-induced TGF- activity and prevented attenuation of
GC responses by both stimuli. Our group has previously excluded ERK activation as a
down-stream mediator of TGF-B1-induced GC insensitivity (Salem et al., 2012; Keenan et
al., 2014). Therefore, we speculated that ERK1/2 activation occurs upstream of TGF-
B expression, in signalling emerging from TLR3 activation by viral PAMP; dsRNA. This

proposed mechanism is reinforced by our observation showing that poly I:C-induced
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ERK1/2 activation became evident at 6 h; an earlier time point compared to Smad2/3
phosphorylation; 24 h. Of note, the kinetics of ERK phosphorylation are different between
the poly I:C and RSV, and this is consistent with the time required for the virus replication

process to occur and generate dsRNA replication intermediate.

In the light of the findings presented, there is compelling evidence towards the
mobilization of endogenous TGF-B1 as a driving mechanism of both RSV infection and
Poly 1:C induced glucocorticoid insensitivity. Since TGF-B is crucial to several cell
functions, global inhibition of TGF-B1 signalling through the inhibition of ALK5 receptor
kinase activity using SB431542 is not clinically feasible due to the known risk of
autoimmune disease, tumorigenesis (Hahm et al., 2001; Oyanagi et al., 2014) and mitral
valve damage (Anderton et al., 2011). It is therefore imperative to define the downstream
pathways incriminated in glucocorticoid insensitivity by TGF-B in the airway epithelium
through hypothesis-free approaches, including proteomics and functional genomics
(Keenan et al., 2015). Recently, our group had implicated casein kinase 18/¢ (CK18/¢) in
TGF-B1 signals subserving glucocorticoid insensitivity and epithelium-derived pro-

inflammatory cytokine production (Li et al., 2019).

Intriguingly, we have shown for the first time that pre-incubation with PF670462; a
potent and selective CK18/¢ inhibitor, inhibited the expression and activity of TGF-f and
subsequently prevented the GC impairment provoked by either RSV infection or poly I:C.
Additionally, PF670462 significantly subdued RSV-induced expression of pro-
inflammatory gene encoding IL-6 suggesting the potential for additional beneficial anti-
inflammatory activity. These findings support the possible use of PF670462 for the
prevention/management of GC resistance during RSV infection-induced bronchiolitis or

exacerbations of asthma/COPD.
3.6 Limitations of the study

The morphology and differentiation of the airway epithelium impact susceptibility
to viral infection and the ensuing immune response. Thus, while studies using BEAS-2B
cell line may provide an appropriate and feasible approach to investigate RSV responses,
it has some limitations. First, the initial infection of RSV is typically ciliated airway
epithelium and the BEAS-2B cell line does not show normal epithelial differentiation with
respect to ciliated, goblet and club cells and cultured as a submerged monolayer rather
than at air-liquid interface. Second, BEAS-2B cells are derived from single donor, so they

cannot capture all of the potential responses of the genetically heterogeneous human
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population. Third, the dichotomy between adult and paediatric-derived primary cells
highlights the difficulty in interpreting observations made with regard to childhood airway
repair. Moreover, BEAS-2B cells are relatively normal and not diseased, hence
extrapolating findings to asthma is problematic due to intrinsic differences between non-
asthmatic and asthmatic airway epithelial cells, i.e. the baseline expression levels of

genes/proteins of interest.

In the current chapter, we only examined the gene expression of inflammatory
cytokines at mMRNA level. However, changes in mRNA transcript levels do not always
correspond to the changes in protein abundance due to post-transcriptional mechanisms
controlling the rate of protein translation, different half-lives of mRNAs and the
corresponding protein products, and differences in the intracellular locations of expressed
proteins (Gygi et al., 1999). Hence, assessing the observed expressional changes at the

protein level using ELISA or western blotting should be the focus of future experiments.

Lastly, we employed various small molecule kinase inhibitors including SB431542,
PF670462, and U0126. While pharmacological inhibition can be immediate, it might have
non-specific, "off-target" effects that can affect the cellular physiology, hence altering the
experimental outcomes. Due to the potential non-specific, "off-target" effects, we
recommend the combined use of two or more unrelated methodological approaches, such

as siRNA gene silencing, expression of dominant-negative mutants, or gene knockouts.
3.7 Conclusions from chapter 3

In this chapter, we first demonstrated that RSV infection dampens glucocorticoid
sensitivity in bronchial epithelial cells. This observation can partly explain the limited
protection afforded by inhaled corticosteroids against RSV-induced asthma exacerbations.
Next, we identified autocrine TGF-$ as a key mediator of RSV detrimental effect on GC
therapeutic potential through the activation of ALK5. We also implicated CK16/¢ in the
apparent resistance suggesting a novel target to restore GC sensitivity during RSV infection.
Moreover, among various PRRs involved in RSV sensing, we have shown that activation
of TLR3 extensively attenuates glucocorticoid responsiveness in bronchial epithelial cells.
Based on the results presented in this chapter, we suppose that viral PAMPs, most
importantly dsRNA, activates TLR3 which in turn signals through the ERK1/2-dependent
pathway to promote TGF-f activity hence mediating GC resistance in airway epithelial
cells. This suggests that dsRNA/TLR3 interactions play a central role in virus-induced

glucocorticoid insensitivity.
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4 TLR3 gene silencing in Airway Epithelium

4.1 Introduction

In the preceding chapter, we have reported for the first time the evidence for the
primacy of the cytokine TGF-B1 in RSV-induced steroid resistance in a surrogate model of
the bronchial epithelium. Using a systematic approach, we examined the possible role of
each of RSV-sensing PRRs in altering GC sensitivity during viral infection. Our data
suggested that out of all PRRs tested, TLR3 and to a lesser extent TLR4 contribute, at least
partially, to RSV-mediated GC resistance. TLR3 is the major sentinel against viral infections
due to its ability to recognize dsRNA that present in some viruses with dsRNA genome or
produced as an intermediate during DNA and ssRNA viruses replication (Thompson et al.,
2011). TLR3 also sense the endogenous dsRNA released from cells upon necrosis (Kariké
et al., 2004; Cavassani et al., 2008). TLR3 is highly conserved and broadly expressed in
immune and non-immune cells (Mikami et al., 2012). We here review the TLR3 signalling,
the regulatory networks that viruses encompass to modulate the TLR3-mediated antiviral

responses and finally discuss TLR3 contribution to viral pathogenesis.
4.1.1 TLR3 signalling cascade

In unstimulated cells, TLR3 inhabits the endoplasmic reticulum (ER). When
stimulated with dsRNA, TLR3 interact with UNC-93B; an ER-membrane protein, that
facilitates its translocation to the endosome where it dimerizes via pH-independent
mechanisms before binding to its ligand; the viral dsRNA (Kim et al., 2008). Structural
studies have revealed that the minimum length of dsRNA essential for signalling is TLR3 at
least 40 to 50 base pairs (Luo et al., 2012; Tatematsu et al., 2013; Tatematsu et al., 2018).
The crystal structure of two mouse TLR3-dsRNA complex has shown that the dsRNA binds
to TLR3 ectodomains at the opposite ends of the TLR3 horseshoe and the dimer is stabilized
by an intermolecular contact between the two TLR3-ECDs C-termini. This juxtaposition
allows the cytoplasmic TIR domains to dimerize and thereby starts the signal transduction

(Figure 4-1) (Liu et al., 2008).

For recruitment of TRIF, the epidermal growth factor receptor (EGFR) and c-Src are
crucial for phosphorylation of the Tyr858 and Tyr759 residues of TLR3. Other kinases are
involved in TLR3 activation that includes phosphoinositide Bruton's tyrosine kinase (BTK)

and 3-kinase (P13K) (Lee et al., 2012b).
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Figure 4.1| Model of TLR3:dsRNA signalling complex.
Adapted from (Liu et al., 2008)

TLR3-TRIF signalling cascades leads ultimately to AP-1, IRF3 and NF-kB activation
via two branches. NF-«kB-activating kinase-associated protein-1 (NAP1) triggers the
association of  TRIF with TRAF3 and TBK1/IKKe complex and thereby elicits
phosphorylation and dimerization of IRF3. The activated IRF3 dimer then translocate to the
nucleus and trigger an antiviral response through the production of type I [FNs (Sato et al.,
2003). The second branch drives NF-kB and AP-1 activation and involves the association
of RIPT with TRAF6 that interacts with TRIF with the subsequent recruitment of TAB2,
TAB3 and TAK1. The TRIF branch activates the MAPK pathway and its downstream AP-1.
This branch also mediates IKK complex activation with further NF-kB activation. Activated
NF-kB and AP-1 translocate to the nucleus where they trigger a pro-inflammatory response

by inducing proinflammatory cytokines production (Alexopoulou et al., 2001).

Interestingly, the TLR3-TRIF axis also triggers apoptosis via a RIP1/FADD)/caspase-
8-dependent and mitochondrion-independent pathway (Han et al., 2004). Collectively, the
literature demonstrates that the stimulation of TLR3-TRIF axis has three major endings: (i)
the generation of antiviral response triggered by IRF3 activation and subsequent IFN type |
release; (ii) the production of a pro-inflammatory environment via AP-1 and NF-xB

activation; (iii) a cytopathic effect via RIPT-induced caspase-8 activation.
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4.1.2 Viral-driven regulators of TLR3 signalling cascade

Viruses have developed mechanisms to modulate the host immune responses for their
own interest and diminish the antiviral responses at several levels. In this section, we
illustrate the multiple strategies viruses evolved to control the TLR3 signalling cascade. One
strategy involves downregulation of TRIF expression. Some viruses possess non-structural
proteins that can target TRIF for proteolysis via their serine protease activity. Examples of
these viral proteins include the protease-polymerase processing intermediate (3CD) of
hepatitis A virus (HAV) (Qu et al., 2011), the HCV NS3/4A (Li et al., 2005), the 3C protease
of enterovirus 71 (EV71) (Lei et al., 2011) and the coxsackievirus B3 (CVB3) 3C(pro)
cysteine protease (Mukherjee et al., 2011a). In addition, Kaposi's sarcoma-associated
herpesvirus (KSHV) owns the replication and transcription activator (RTA) that shortens the
TRIF half-life through targeting it for degradation by the ubiquitin-proteasome system
(Ahmad et al., 2011). The second viral strategy is to regulate the expression of the tripartite
motif 38 (TRIM38). This E3 ligase triggers the polyubiquitination of NAP1 and TRIF and
targets them for degradation by the proteasome. The vesicular stomatitis virus (VSV)
induces the expression of TRIM38 that intern reduces TLR3-induced type | IFN response
(Xue et al., 2012).

Other viruses modulate the antiviral response via sequestering the key proteins TRAF3
and TRAF6. As an example, the coronavirus M protein hinders the assembly of the TRAF3-
TANK-TBK1/IKKe complex and thereby suppressing the downstream IRF3 and IRF7
activation (Siu et al., 2009). The protein A52R of vaccinia virus (VACV) sequesters TRAF6
and IL-1 receptor-associated kinase-like 2 (IRAK2) resulting in inhibition of TLR3-mediated
NF-kB activation (Harte et al., 2003).

4.1.3 The role of TLR3 in host immunity to viruses: defence or offence?

Since TLR3 recognizes dsRNA produced by most viruses, TLR3 signalling holds the
potential to master the immunity in most viral infections caused by herpes virus,
flaviviruses, rotavirus, hepatitis B and C viruses, retroviruses, poxviruses and
orthomyxoviruses among others (Perales-Linares and Navas-Martin, 2013). However, it is
quite challenging to understand the protective versus pathogenic contribution of TLR3 in
viral infections. The question that arises is whether viruses can circumvent TLR3 signalling
to gain advantage? or pathological situations that lead to aberrant/unintended activation of

the receptor?
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A protective role of TLR3 has been reported in infections caused by neurotropic
viruses such as herpes simplex virus type 1 (HSV-1, DNA), Theiler's murine
encephalomyelitis virus (TMEV, ssRNA), West Nile virus (WNV, ssRNA) and poliovirus (PV,
ssRNA). The highly prevalent HSV-1 can cause herpes simplex encephalitis (HSE) in
children with inborn errors of TLR3 immunity. The defective TLR3 signalling was found to
impair the production of type | IFN that offer protection in neurons and oligodendrocytes
(Guo et al., 2011; Lafaille et al., 2012). TLR3 signal transduction reduces the viral burden
and modulates the immune responses thereby protects against TMEV demyelinating
disease (Abston et al., 2012). A protective role of TLR3 against WNV has been also reported
where TLR3-deficiency has elevated the viral load in neurons and increased mortality in
mice (Daffis et al., 2008). In addition, TLR3 gene mutation has resulted in development
encephalopathy in IAV-infected patients (Hidaka et al., 2006). TLR3 mediated protection
against PV infection in transgenic mice expressing the PV receptor (Abe et al., 2012). The
TLR3-mediated response has been found to be protective in viral infections of the heart
such as myocarditis caused by coxsackieviruses B (CVB3 and CVB4, ssRNA). Mice lacking
TLR3 when infected with CVB3 or CVB4 had lower survival rates compared with controls
due the amplified viral load and inflammation in the heart (Negishi et al., 2008; Richer et

al., 2009; Abston et al., 2012).

A controversial role of TLR3 has been reported in Human immunodeficiency virus
type 1 (HIV-1, ssRNA) infection, where activation of the TLR3 signalling cascade with
poly(l:C) triggers an antiviral response that limits HIV-1 infection in cell culture, suggesting
a therapeutic potential for TLR3 ligands against HIV-1 infection in humans (Rivieccio et al.,
2006; Swaminathan et al., 2012). In vivo, immunizing mice with purified recombinant
HIV-1 envelope gp120 in addition to poly(l:C) has activated TLR3 signalling pathway that
enhanced the induction of HIV-specific CD8" cytotoxic T lymphocytes (Fujimoto et al.,
2004). However, elevated TLR3 mRNA levels were detected in biopsy specimens from
patients ~ with  HIV-myopathies =~ compared to  nonmyopathic  controls.
Immunohistochemistry has detected the main localization of TLR3 in areas with close
proximity to damaged or necrotic muscle fibres (Schreiner et al., 2005). In the liver,
activation of TLR3 signal transduction was detrimental in the pathogenesis of Punta Toro
virus (PTV, ssRNA). TLR3 deficiency in mice has lowered the serum viral load, weakened
the pro-inflammatory responses in liver and increased survival of mice infected with PTV

(Gowen et al., 2006).
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The role of TLR3-mediated response was deleterious in the context of respiratory
infections caused by RSV (negative-sense ssRNA), RV typel1B (positive-sense ssRNA), IAV
(negative-sense ssSRNA) and VACV (DNA). In RV infection, TLR3 has been shown to initiate
proinflammatory responses leading to lung inflammation and airway hyperresponsiveness
(Wang et al., 2011). In IAV-infected mice, the absence of TLR3, although elevated the viral
load, has increased the survival rates that correlated to the significant reduction of the
proinflammatory mediators and lowering in a number of CD8* T cytotoxic lymphocytes in
the bronchoalveolar airspace (Goffic et al., 2006). Similarly, TLR3 has shown a detrimental
role in RSV pathogenesis. The RSV dsRNA/TLR-3 signalling has been proved to impair the
alveolar fluid clearance thereby causing lung oedema (Aeffner et al., 2011). TLR3
deficiency was also beneficial in VACV infection where it substantially reduced the lung
inflammation, lowered the viral burden and limited its dissemination to other organs

(Hutchens et al., 2008).

Taken together, the literature suggests that the protective versus the pathogenic role
of TLR3 in viral infections exhibit a differential trend that is tissue-specific and not
dependent on the type of viral genome (ssRNA, dsRNA or DNA) viruses. The fine-tuning
between the TLR3-mediated antiviral and immunoregulatory pathways affects protective

versus detrimental outcomes.
4.2 Outline and aims of the chapter

Several studies have reported the differential role TLR3 plays in the innate immunity
against RSV infections and gave clues that correlate the RSV-induced TLR3 activation to
the more severe clinical syndrome of viral infection (Rudd et al., 2005; Groskreutz et al.,
2006; Rudd et al., 2006; Dou et al., 2013). Complementing with these studies, we
suggested a possible role for TLR3 in the poor response of RSV-induced asthma
exacerbations to glucocorticoid therapy. In this chapter, we systematically examined the
impact of TLR3 antagonism to ascertain its role in RSV-induced GC insensitivity. We
initially investigated how RSV infection impacts the TLR3 expression in an immortalized
bronchial epithelial cell line. Next, in vitro models of the human bronchial epithelium and
small interfering RNA gene silencing method were employed to identify the role of TLR3
in RSV-triggered proinflammatory cytokines expression. Finally, we examined whether

antagonizing TLR3 can restore the epithelium responsiveness to glucocorticoids.

114



CHAPTER 4: TLR3 Silencing in Airway Epithelium

4.3 Methods

4.3.1 TLR3 siRNA transient transfection of BEAS-2B cells

As illustrated in Figure 4.2, Cells were transfected with predesigned Silencer®
select  siRNA  oligonucleotides  targeting  TLR3 (s236, sense: 5’-
CCGAUGAUCUACCCACAAALt-3’, antisense: 5-UUUGUGGGUAGAUCAUCGGgt-37)
and silencer® select negative control no. 1 (4390843) as previously detailed in Section 2.5.
Twenty-four hours post-transfection, cells were either inoculated with RSV at MOI of 0.1
as described in Section 3.3.3 for 48 h or challenged with poly I:C (10 ug/ml) for 24 h prior
to treatment with dexamethasone or Vehicle (0.1% DMSO) add for the last 4 h. Total RNA
was then extracted using TRIzol reagent (Invitrogen) (Section 2.6.1) and reverse-transcribed
into cDNA (Section 2.6.2). Endogenous gene expression was then determined by RT-qPCR
(Section 2.6.3) using specific primers listed in Table 2.1.

Seeding siRNA stop
BEAS-2B cells Transfection Transfection Poly(1:C) 10pg/mL Dex 30nM
v ) 4 v v v
'IIIIIIIIIIIIIIOIIIIIIIIII{OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIIIIIIIIIIIIIIIIIII .
24 h 4 h 20 h 20 h 4 h
.IIIIIIIIIIIIII||||||||||||||||||||||||||||||||||||l ‘
A 44 h A 4 h
RSV MO1 0.1 Dex 30nM

Figure 4.2| Experimental protocol.

BEAS-2B cells were transfected with either Scrambled control (Scr Ct) or TLR3 siRNA. On
the following day, cells were either challenged with poly (I:C) for 24 h or inoculated with
RSV at MOl of 0.1 for 48 h with Dexamethasone (Dex) (30 nM) added for the last 4 h.

4.4 Results

4.4.1 Expression of TLR3 is upregulated in BEAS-2B cells following RSV infection and

poly I:C exposure

TLR3 have been recognized as important PRRs in viral infection, but its role in RSV-infected
epithelial cells is not fully established. First, we thought to explore the impact of RSV
infection and poly I:C on the basal expression of TLR3. As indicated in Figure 4.3, the levels
of TLR3 mRNA were markedly upregulated in cells inoculated with RSV compared to Mock
control, suggesting that RSV primes bronchial airway epithelial cells for boosted
responsiveness to subsequent exposure to dsRNA. We also noted that poly I:C (10 pg/ml)

induced a modest increase in its own putative receptor; TLR3, expression in BEAS-2B cells.
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Dexamethasone is a potent modulator of the innate immune system by shifting the
TLR system response pattern from an inflammatory to an anti-inflammatory state (Broering
et al., 2011). However, modulation of TLR expression by glucocorticoids has not been
established yet. Hence, we sought to explore the impact of dexamethasone on TLR3
expression level in BEAS-2B cells. As demonstrated in Figure 4.3, treatment with
dexamethasone had no detectable effect on TLR3 mRNA level in either baseline conditions

or in RSV-infected or poly I:C-exposed cells.

Toll-like Receptor 3 Toll-like Receptor 3
Gene Expression (fold Mock/Vehicle) Gene Expression (fold Vehicle)
41 4
3 'i' 3 'i'
2 1 2
1 11
J Ue gL
M(;ck RSV M'OI 0.1 Con'trol Pol); I:C

1 Vehicle (DMSO 0.1%) Dex 30nM

Figure 4.3| Impact of RSV infection and poly I:C upregulate the basal expression of TLR3
in BEAS-2B cells.

BEAS-2B cells were either inoculated with RSV at MOI of 0.1 for 48 h with Dexamethasone
(Dex) (30 nM) added for the last 4 h. RNA was extracted, and gene expressions were
determined by RT-gPCR. Data are expressed as fold change from Scrambled control (Scr
Ct) and presented as mean+SEM for A, n = 3 — 4, and B, n = 4 independent experiments.
Statistical significance was determined by Ordinary two-way ANOVA, Bonferroni's
multiple comparisons post-hoc test, and is represented as follows: *p<0.05, ns, non-
significant.

4.4.2 TLR3 knockdown using siRNA successfully blocked TLR3 mRNA expression
while it did not affect other TLRs mRNA expression

We employed the siRNA interference approach to knock down the endogenous
TLR3. Successful TLR3 ablation was assessed by measuring the TLR3 mRNA level using
RT-PCR. Our data showed that transfection of BEAS-2B cells with specific TLR3 siRNA has
effectively reduced the expression of TLR3 by 84% after 24 h of transfection when
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compared to cells transfected with scrambled control. The TLR3 ablation has persisted for
the following 48 and 72 h post-transfection where the TLR3 mRNA level has been reduced
by 69.6% and 74.2%, respectively (Figure 4.4 A). The specificity of silencing TLR3 was
determined by assessing the effect that silencing TLR3 has on mRNA expression level of
other TLRs by RT-qPCR. Notably, the expression of other TLRs including TLR1, TLR2, TLR4,
TLR5 and TLR6 was not modulated following TLR3 silencing (Figure 4.4 B). This suggests
that TLR3 knockdown was achieved while avoiding a non-specific inhibition of other TLRs

in response to the introduced siRNA.
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Figure 4.4| TLR3 knockdown using siRNA transfection robustly inhibited TLR3 expression,
while it did not affect other TLRs mRNA expression.

BEAS-2B cells were transfected with either Scrambled control (Scr Ct) or TLR3 siRNA. RNA
was extracted and gene expressions were determined by RT-qPCR. Data are expressed as
fold change from Scrambled control (Scr Ct) and presented as mean+SEM for A, n =3 - 5
and B, n = 3 independent experiments. Statistical significance was determined by Ordinary
two-way ANOVA, Bonferroni's multiple comparisons post-hoc test, and is represented as
follows: ***p<0.001, ns, non-significant.
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4.4.3 Silencing TLR3 subdues the inflammatory response to poly I:C stimulation,

however, does not affect RSV-induced pro-inflammatory cytokine expression

Since the airway epithelium possesses different PRRs that sense the dsRNA including TLR3,
RIG-I, MDA5, PKR, we thought to explore the relative contribution of TLR3 signalling to
the poly I:C-triggered inflammatory response in immortalized normal human bronchial
epithelial cells. We quantified changes in the expression of selected cytokines; IL-6 and IL-
8 in BEAS-2B cells challenged with poly I:C after TLR3 knockdown. Compared to cells
transfected with scrambled siRNA, TLR3 siRNA-transfectants demonstrated limited
inflammatory responses to poly I:C challenging with significant 36% (p = 0.0161) and 31%
(p = 0.0011) reduction in IL-6 and IL-8 mRNA levels, respectively, relative to the control
siRNA transfected cells (Figure 4.5 B). This observation suggests that despite the presence
of multiple dsRNA sensors, TLR3 contributes significantly to the inflammatory response

induced by poly I:C in the airway epithelium.

We next investigated the relative contribution of TLR3 in the proinflammatory
cytokines expression triggered upon RSV infection. No obvious change in RSV-dependent
IL-6 and IL-8 expression was observed between controls versus TLR3 silenced BEAS-2B
cells (Figure 4.5 A). These results indicated that the recognition of viral PAMPs other than
dsRNA allows the epithelial cells to produced pro-inflammatory cytokines in responses to

RSV infection downstream signalling of other PRRs.
4.4.4 Influence of TLR3 knockdown on GC-regulated genes transactivation

To ascertain the role of TLR3 in ablating GC activity, BEAS-2B cells were transfected
with TLR3 or control siRNA and subsequently either challenged with TLR3 ligand; poly I:C
for 20 h or infected with RSV for 48 h. RT-PCR was used to measure the expression level
of TGF-B1 and its responsive gene PAI-1. At the conclusion of the experiment, TLR3-
deficient cells showed significant inhibition of TGF-B1 and PAI-1 in BEAS-2B cells
challenged by poly I:C (Figure 4.6 A). However, TGF-B1 expression in RSV-infected cells
showed a decreasing trend, albeit non-significant, following TLR3 knockdown (Figure 4.7
A). Itis of primary importance to overcome the variability among data points by performing
more experiments in order to reach a definitive conclusion. We next treated cells with
dexamethasone and measured the expression of a panel of GC-inducible genes to examine
the restoration of steroid activity in these cell cohorts. Dexamethasone-induced expression
of GILZ, ENaCe, PLZF and CDKN1C was significantly impaired following poly 1:C exposure
(Figure 4.6 B) or RSV infection (Figure 4.7 B) in control siRNA-transfected cells. TLR3
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silencing has significantly enhanced the expression of GC-responsive genes following
dexamethasone treatment in cells challenged with poly I:C (Figure 4.6 B). Similarly, the
expression level of dexamethasone-responsive GILZ and ENaCa were both increased in
the TLR3-deficient cells compared to the control siRNA transfectants following RSV
infection. However, the differences in levels of PLZF and CDKN1C expression between
TLR3-silenced cells and control cells were non-significant (Figure 4.7 B). These results

strengthen our assertion of the potential contribution of TLR3 in the virus-induced steroid

insensitivity.
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Figure 4.5| Impact of TLR3 knockdown on pro-inflammatory cytokines expression
provoked by RSV infection or TLR3 activation in bronchial epithelial cells.

BEAS-2B cells were transfected with either Scrambled control (Scr Ct) or TLR3 siRNA. On
the following day, cells were (A) inoculated with RSV at MOI of 0.1 for 48 h or (B)
stimulated with poly 1:C (10 pg/ml) for 24 h. RNA was extracted, and gene expressions
were determined by RT-qPCR. Data are expressed as fold change from Scrambled control
(Scr Ct) and presented as mean+SEM for n = 3 independent experiments. Statistical
significance was determined by Ordinary two-way ANOVA, Bonferroni's multiple
comparisons post-hoc test, and is represented as follows: *p<0.05, **p<0.01, ***p<0.001,
ns, non-significant.
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Figure 4.6| TLR3 knockdown attenuates TGF-B activity and glucocorticoid insensitivity
induced by TLR3 activation in bronchial epithelial cells.

BEAS-2B cells were transfected with either Scrambled control (Scr Ct) or TLR3 siRNA. On the
following day, cells were stimulated with poly I:C (10 pg/ml) for 24 h with Dexamethasone
(Dex) (30 nM) added for the last 4 h. RNA was extracted and gene expressions were determined
by RT-qPCR. Data are expressed as fold change from Scrambled control (Scr Ct) and presented
as meantSEM for A, n =4 - 5, B, n = 3 -6 independent experiments. Statistical significance was
determined by Ordinary two-way ANOVA, Bonferroni's multiple comparisons post-hoc test
except for panel A (left) where Ordinary one-way ANOVA, Bonferroni's multiple comparisons
post-hoc test was applied and is represented as follows: *p<0.05, **p<0.01, ***p<0.001, ns,
non-significant.
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Figure 4.7| TLR3 knockdown attenuates TGF-B activity (A) and glucocorticoid insensitivity (B)
in RSV-infected bronchial epithelial cells.

BEAS-2B cells were transfected with either Scrambled control (Scr Ct) or TLR3 siRNA. On the
following day, cells were inoculated with RSV at MOI of 0.1 for 48 h with Dexamethasone
(Dex) (30 nM) added for the last 4 h. RNA was extracted and gene expressions were determined
by RT-qPCR. Data are expressed as fold change from Scrambled control (Scr Ct) and presented
as mean+SEM for A, n = 3- 5 and B, n = 3 — 6 independent experiments. Statistical significance
was determined by Ordinary two-way ANOVA, Bonferroni's multiple comparisons post-hoc
test, and is represented as follows: *p<0.05, **p<0.01, ***p<0.001, ns, non-significant.
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4.5 Discussion

The severity of respiratory tract inflammation in viral infections is correlated to both
the cytopathic effect of the virus itself and the immune responses the host elicit against this
pathogen (Rudd et al., 2006). Accumulating pieces of evidence suggest a larger role of the
host immune responses in the degree of inflammation and disease severity than the virus-
induced damage. To date, numerous TLR3 deficiency studies have demonstrated the
pathogenic role of TLR3-mediated immune and inflammatory factors in many viral
infections including Punta Toro virus (Gowen et al., 2006), influenza virus (Le Goffic et al.,
2006) and vaccinia virus (Hutchens et al., 2008). Mice lacking TLR3 have developed
weaker inflammatory responses that have contributed to a less severe disease phenotype
when compared to the wild type counterparts. The pathogenic role of TLR3 has been
reported in related human studies. For instance, a functional TLR3 is a risk factor for the
predisposition to tick-borne encephalitis by TBEV (Kindberg et al., 2011; Barkhash et al.,
2013). Expression of TLR2, TLR3, and TLR4 had been shown to increase in asthmatic
patients who ultimately die, suggesting their crucial role in the development of severe or
even fatal asthmatic exacerbations (Kim and Rhee, 2010; Ferreira et al., 2012). Moreover,
TLR3 may play a detrimental role in acute exacerbations of chronic obstructive pulmonary
disease (AECOPD) patients, possibly due to TLR3 activation by viral and bacterial infection.
TLR3 also enhanced the inflammatory response when in an antiviral state, leading to lung

damage (Liu et al., 2018).

In the context of RSV infections, several studies have provided evidence for the
important  contribution of RSV-induced cytokines/chemokines to deleterious
pathophysiology in the lung (Lukacs et al., 2001; Tekkanat et al., 2002; John et al., 2003;
Miller et al., 2003). RSV infection results in activation of NF-xB that drives chemokines
production with the subsequent recruitment and activation of the cell populations
responsible for airway inflammation (Tian et al., 2002). Despite the fact that the provoked
inflammation following exposure to RSV aims at destroying and/or diluting the virus, it
collaterally causes lung injury and may contribute to exacerbations that are refractory to
the conventional therapy with antivirals and glucocorticoid. During replication, RSV
generates a dsRNA intermediate that acts as a ligand for TLR3. Aeffner and colleagues
reported that challenging mice with poly I:C; the synthetic analogue of dsRNA, have
induced similar pulmonary dysfunctions to RSV infection where both have impaired
alveolar fluid clearance leading to lung oedema (Aeffner et al., 2011). This study and others

(Rudd et al., 2005; Groskreutz et al., 2006; Rudd et al., 2006; Dou et al., 2013) have
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implicated TLR3 in RSV pathogenesis and suggested TLR3 as a promising target that can

modulate pulmonary inflammation reported during RSV infection.

In the preceding chapters, we, for the first time, suggested that TLR3 contributed at
least partially to RSV-induced impairment of glucocorticoid responsiveness in the
bronchial airway epithelial cells. This finding adds to the therapeutic value of targeting
TLR3 in attempt to better control RSV-induced asthma exacerbations. So, we have moved
next to evaluate the impact of TLR3 antagonism on RSV-induced inflammatory mediators’
production and finally ascertain the potential of targeting TLR3 to resensitize the RSV-

infected airway epithelial cells to the glucocorticoid treatment.

Using the in vitro model for RSV infection developed in the previous chapter, we
have first assessed the impact of RSV infection on the basal expression of TLR3 in this
model. TLR3 recognizes dsRNA that is generated in great quantities during RSV replication
(Groskreutz et al., 2006). Our analysis of TLR3 mRNA level has shown that challenging of
BEAS-2B cells with either RSV or poly I:C has increased the TLR3 expression above
untreated cells implying a crucial role of epithelium-expressed TLR3 in RSV infection
(Figure 4.3). Several studies have reported the TLR3 upregulation in A549 cells and lungs
of BALB/c mice following RSV infection or poly I:C treatment (Groskreutz et al., 2006;
Rudd et al., 2006; Huang et al., 2009; Dou et al., 2013). Another study has reported the
same observation in the cell line employed in our study; BEAS-2B cells (Li et al., 2012).
This corroborates our in vitro observations and provides evidence for the crucial role of
epithelium-expressed TLR3 in RSV infection. The observed increase in TLR3 expression
following RSV infection may be explained by the more dsRNA produced upon replication.
However, a recent report has correlated the RSV-induced TLR3 upregulation to the
induction of oxidative stress (Wang et al., 2018). Oxidative stress occurs due to either
excessive generation of reactive oxygen species (ROS) or diminished antioxidant capacity,
(Akira et al., 2001). Previous studies have detected oxidant overload in human airway
epithelial cells in response to RSV infection (Lund et al., 2004). RSV infection in vivo has
generated ROS that causes oxidative damage in the lung (Akira et al., 2001; Gern et al.,
2003). Wang et al. have employed the oxidative stress agonist H,O, and antioxidant N-
acetyl-L-cysteine (NAC) to test the impact of oxidative stress modulation on TLR3
expression and TLR3-mediated responses in RSV-infected A549 cells. RSV infection has
elicited the hydroxyl free radical (-OH) and nitric oxide (NO) production and reduced the
superoxide dismutase (SOD) activity. Concomitantly, TLR3 and NF-kB were upregulated
at the mRNA and protein levels. Pre-treatment of A549 cells with H,O, has augmented the
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increased TLR3 and NF-kB expression after RSV infection, however, NAC pre-treatment
abrogated these effects. These observations suggested a critical regulatory role of oxidative
stress on RSV-induced TLR3 expression and hinted that oxidative stress might potentiate
the RSV-induced upregulation of TLR3 expression together with its associated signalling
pathway such as NF-kB cascade (Wang et al., 2018). The upregulated TLR3 expression in
the airway epithelium increases the sensitivity of these cells to the exposure to other viral
dsRNA thereby amplifying the provoked inflammatory responses that may lead to viral
exacerbations (Groskreutz et al., 2006; Resch et al., 2007).

We next employed the siRNA-based gene silencing method to knockdown TLR3
expression in BEAS-2B cells thereby enabling us to investigate its role in RSV-induced GC
resistance. siRNAs are synthetic, short (approximately 21 base pairs), double-stranded RNA
that target specific genes in a sequence-specific manner (Castel and Martienssen, 2013).
As off-target and non-specific effects are more likely to occur, a negative control
(scrambled) sequence was used. The hydrophilic siRNAs were delivered using non-viral
lipid-based carriers to avoid the high risk of triggering immune responses in the cell when
using viral carriers. In our experiments, the TLR3 siRNAs have significantly downregulated
the gene expression in BEAS-2B cells compared to the negative control siRNA. Since
siRNAs are not permanently incorporated into the cellular genome, the resultant genotypic
changes persist only for a limited time period (Kim and Eberwine, 2010). In our
experiments, TLR3 siRNA has persistently reduced TLR3 expression at least until 72 h later
which corresponds to the entire experiment timeline (Figure 4.4 A). One limitation to the
siRNA gene silencing method is the off-target effects, which are the consequence of
targeting sequences similar to the target of interest (Dorsett and Tuschl, 2004). The cross-
reactivity with other TLRs was excluded since their basal expression levels have not
changed significantly following TLR3 siRNA treatment (Figure 4.4 B). This suggests that
TLR3 knockdown was achieved while avoiding a non-specific inhibition of other TLRs in

response to the introduced siRNA.

A common signalling event following PRRs challenging is the activation of the
canonical NF-xB pathway, which is responsible for transcriptional induction of pro-
inflammatory cytokines, and chemokines including IL-6 and IL-8 (Ghosh and Karin, 2002;
Hayden and Ghosh, 2011; Sun et al., 2013). Depletion of TLR3 has effectively attenuated
the poly I:C-induced the IL-6 and IL-8 production, but not to the basal level in unstimulated
cells (Figure 4.5B). This suggests that while poly I:C-induced inflammatory responses
depend largely on TLR3, they also appeared to be mediated by cytosolic pattern
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recognition receptors RIG-1 and MDAGS. In the context of whole RSV virions, TLR3 ablation
has not subdued the provoked inflammatory response in the bronchial epithelial cells
(Figure 4.5 A). This can be attributed to the variety of ligands that a single viral pathogen
can bear which are capable of engaging with multiple PRRs in the epithelium thereby
triggering downstream production of the inflammatory cytokines. Moreover, our findings

suggested that TLR3 is not the major driver of the RSV-mediated inflammatory response.

In addition to activation of the canonical NF-kB pathway, binding of dsRNA to
TLR3 ultimately results in activation of IRF-3 and the downstream release of IFN- and IFN
response genes such as CCL5, CXCL10 and CCL12, implying a pivotal role of TLR3 in the
antiviral immunity (Yamamoto et al., 2003). Nevertheless, several studies have suggested
that TLR3 ablation does not affect RSV replication. Rudd and his colleagues have reported
equivalent RSV kinetics in RSV-infected HEK 293 cells stably expressing TLR3 versus vector
controls (2005). This finding comes in line with another study showing that a comparable
RSV pulmonary titers were recovered from the TLR3”" animals and wild type controls
during infection (Rudd et al., 2006). Similarly, TLR3-deficient mice have shown no
alteration in the clearance of other RNA viruses including VSV, reovirus, lymphocytic
choriomeningitis virus (LCMV) and murine cytomegalovirus (MCMV) (Edelmann et al.,
2004). The poor sensitivity of RSV to IFNs-a/f gives logical reasoning for this observation
(Roberts et al., 1992; Atreya and Kulkarni, 1999). A study by Durbin et al. has shown that
RSV clearance has been only slightly delayed by IFNs-a/B in vivo (Durbin et al., 2002). Our
findings together with previous reports suggest that TLR3 does not generate effective
antiviral responses against RSV infections since lack of TLR3 does not alter either the viral
clearance or impair the generation of proinflammatory cytokines in the airway epithelium

(Rudd et al., 2005; Hillyer et al., 2018).

The synthetic dsRNA analogue poly I:C has been reported to activate latent TGF-
B1 in immortalized human bronchial epithelial cells (iHBEC). The dsRNA-mediated TGF-
B1 activation was inhibited by chloroquine; an inhibitor of endosomal acidification
indicating the involvement of the endosomal receptor TLR3 rather than the cytosolic RIG-
1 and MDAS5 (Jolly et al., 2014). This finding has been reproduced in the current results.
Challenging the bronchial epithelial cells with poly I:C has upregulated TGF-$ expression
by approximate 2-folds compared to unstimulated cells. Poly I:C treatment has also
stimulated TGF- S -dependent expression of well-known TGF-B inducible genes, PAI-1.
TLR3 silencing has abrogated the poly 1:C-induced TGF-B1 expression and its responsive
gene PAI-T (Figure 4.6 A).
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In the context of RSV, we have found that TGF-B1 expression tended to decrease
upon TLR3 ablation, albeit not significantly (Figure 4.7 A). Literature has reported that
TGF- B is expressed during RSV infection of lung epithelial cells (McCann and Imani, 2007;
Gibbs et al., 2009; Mgbemena et al., 2011; Bakre et al., 2015) and macrophage (Pokharel
et al., 2016), however, the mechanism that elicits TGF-B1 expression during viral infection
is still unclear. Pokharel et al. have proposed a role of autophagy in eliciting TGF-B1 release
from macrophages following RSV infection. Autophagy is a crucial cellular process which
maintains homeostasis for normal physiological and biological functions (Shibutani et al.,
2015). RSV has been reported previously to induce autophagy in macrophages and
dendritic cells in the respiratory tract of RSV-infected mice (Morris et al., 2011; Reed et al.,
2013; Owczarczyk et al., 2015). Treatment of macrophages with the autophagy inhibitor
3 MA has decreased TGF-B1 release in response to RSV infection. Since TLR3 activation
has been proved to induce autophagy in RSV-infected macrophages (Delgado et al., 2008;
Tsai et al., 2015), it has been assumed that activation of TLR3 by the viral dsRNA elicit
autophagy that in turn trigger the expression of TGF-B1 in macrophages. This assumption
is supported by the striking similarity of lung cytokine profile and pathogenesis severity in
TLR3 knockout mice and autophagy-deficient mice (i.e., beclin-1 deficient mice) following
RSV infection (Reed et al., 2013). Additionally, TLR7 activation by viral ssRNA can induce
autophagy (Sanjuan et al., 2007; Delgado et al., 2008). We suggested that dsRNA
originating from RSV might in part bind to TLR3 and activates ERK1/2 pathway to induce
TGF-B expression. It has been reported that ERK/MAPK signalling cascade exerts a strong
stimulatory effect on autophagy (Martinez-Lopez et al., 2013; Sui et al., 2014). The
cytotoxic drug Derrone causes sustained ERK phosphorylation leading to autophagic cell
death in A549 cells (Kang et al., 2019). Although not fully investigated, it is tempting to
postulate that RSV or poly I:C activates the TLR3/ERK/Autophagy axis to induce the TGF-f8

expression that mediates the steroid activity impairment in the bronchial epithelium.

We finally tested whether the decrease in TGF-B1 expression upon TLR3 silencing
was able to reverse the GC insensitivity in the bronchial epithelium. Our study showed for
the first time that TLR3 ablation was able to restore the dexamethasone activity as evident
by the increase in the expression of GC-inducible genes following either poly I:C treatment
(Figure 4.6 B) or RSV infection (Figure 4.7 B). Altogether, our data strengthen what we
proposed previously that dsRNA-TLR3 signalling cascade is among the mechanisms by
which RSV infections contribute to asthma exacerbations and the steroid insensitivity.

Therefore, modulation of TLR3 activation offers an attractive therapeutic target not only for
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attenuating the RSV-induced inflammatory damage in the lung but also for restoring the

efficacy of glucocorticoids in the management of asthma exacerbations.
4.6 Limitations of the study

The current study has utilised siRNA gene silencing to knockdown TLR3 expression.
Despite its efficacy in vitro, this method has several limitations (Unniyampurath et al.,
2016). These include non-specific effects due to induction of genes mediating interferon
response (Pebernard and Iggo, 2004) and the off-target effects due to the sequence
similarity to the targeted gene (Dorsett and Tuschl, 2004). While the gene expression levels
of all TLRs were examined in the current study as possible off-target effects of TLR3 siRNA,
the expression of other poly IC/RSV sensing receptors, such as PKR, RIG-1 and MDA5 were
not examined as possible off-targets following TLR3 silencing. Additionally, transient
siRNA transfection does not result in stable integration into the cellular genome. Hence,
this approach allows the analysis of the resulting genotypic and phenotypic changes only
for a limited period of time (Kim and Eberwine, 2010). A limitation specific to the current
study is the use of only one siRNA sequence for TLR3 silencing. However, identified
phenotypes following siRNA gene knockdown should be confirmed with different siRNAs
targeting the same transcript (Dorsett and Tuschl, 2004). A limitation specific to the current
study is the use of only one siRNA sequence for TLR3 silencing. However, identified
phenotypes following siRNA gene knockdown should be confirmed with different siRNAs
targeting the same transcript (Dorsett and Tuschl, 2004).

We recommend the use of a stable transfected human bronchial epithelial cell line
to confirm the results observed with transient siRNA transfections. The recent emergence
of CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 system for
gene editing may take the analysis one step further, by introducing the heritable TLR3
deletions in the genome of the primary human bronchial epithelial cells, both submerged

and differentiated into air-liquid interface cultures (Chu et al., 2015).

We also observed that TLR3 knockdown had abolished poly I:C-induced TGF-f
expression while the impact on RSV-mediated TGF-$ expression was marginal due to the
variability in RSV data sets. Hence, more biological replicates need to be added to confirm
the observation. Lastly, PAI-1 mRNA expression and phosphorylation of Smad2 need to be
measured to further prove the role of TLR3 in TGF-B expression in response to RSV

infection.
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4.7 Conclusions from chapter 4

Data presented in the current chapter suggested TLR3 inhibition as a possible
strategy for targeted management of RSV-induced respiratory diseases that respond poorly
to steroids. We reached this conclusion for the following reasons: 1) TLR3-induced
inflammatory responses are deleterious to RSV infection pathogenesis as demonstrated
previously; 2) RSV infection upregulated TLR3 expression thereby aggravating the
damaging effect of the induced inflammatory responses; 3) TLR3 knockdown has at least
partially repressed the RSV-induced expression of TGF-B1; the main driver of steroid
insensitivity; 4) TLR3 deficiency has restored the responsiveness of bronchial epithelium to
glucocorticoids that remains to date the mainstay in the management of respiratory

diseases.
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5 RSV infection and double-stranded RNA: comparison of in vivo

responses

5.1 Introduction

In the preceding chapter, we presented the evidence that RSV impairs bronchial
epithelial cells response to glucocorticoids. The aforementioned findings (Chapter 3)
suggested that impairment of GCs sensitivity may be partially triggered by TGF- since
TGF-B inhibitors have been shown to restore the apparent glucocorticoid insensitivity in
vitro. We have also implicated dsSRNA/TLR3 as the driving downstream pathway subserving
RSV-detrimental effects on glucocorticoid sensitivity. However, the complex disease
processes that trigger chronic respiratory diseases, like asthma and COPD, can neither be
modelled using cell culture techniques alone as there are many cell types implicated in the
lung diseases pathophysiology including the recruitment of inflammatory cells and the
remodelling of structural cells, which are a key component to the disease. Hence, it is
essential to examine these relationships in vivo, where there might be more influences from
cytokines and other inflammatory mediators involved in the pathophysiology of the
disease. Hence in the current chapter, we investigated whether aforementioned in vitro

findings could be replicated in a whole-body system with multiple cell types.

5.1.1 Experimental Models of RSV infection
5.1.1.1 Nonhuman primate models of hRSV

Humans are the natural hosts for RSV, but chimpanzees in contact with humans
are readily infected and do display clinical signs similar to that observed in humans.
Experimental infection of chimpanzees results in upper respiratory tract illness,
nevertheless, no signs of lower airways illness has been identified (Belshe et al., 1977). The
extent of attenuation of live-attenuated RSV vaccine candidates was assessed in
chimpanzees, but the results have not always predicted the degree of attenuation in infants
accurately (Cormier et al., 2010). A cold-passaged, temperature-sensitive live-attenuated
RSV vaccine candidate developed at the National Institute of Allergy and Infectious
Diseases, for example, was strongly attenuated in chimpanzees, yet induced significant
nasal congestion in infants that interfered with eating and sleeping (Wright et al., 1976).
Inconsistent prediction of attenuation and efficacy of vaccine candidates and ethical
considerations make chimpanzees a seldom-used and inappropriate model for RSV

infection and pre-clinical RSV vaccine development.
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In addition to chimpanzees, several other nonhuman primate species were
harnessed for studying RSV infection and evaluating vaccine candidates. African green
monkeys, the most heavily utilized nonhuman primate species, are semi-permissive to RSV
infection. This species has been used to model the enhanced disease observed following
vaccinating infants with a formalin-inactivated RSV vaccine (Kakuk et al., 1993). Rhesus
macaques were also employed for studying RSV disease, but the virus replicates poorly in
this species, so PCR to detect viral replication products is typically required (De Swart et
al., 2002). Considering the ethical and economic cost, nonhuman primates are not

sufficiently sensitive to RSV infection to warrant study of this disease in these species.
5.1.1.2 Rodent Models for hRSV Disease

A major roadblock in elucidating the mechanism of RSV pathogenesis is the lack
of a small animal model that accurately recapitulates human disease. Starting from the late
1970s, RSV disease has been extensively studied in small animals each of which has
benefits and limitations (Cormier et al., 2010). Examples of these animal RSV models
includes ferrets (Prince and Porter, 1976), guinea pigs (Hegele et al., 1993; Dakhama et al.,
1997), cotton rats (Prince et al., 1978) and inbred mice (Prince et al., 1979). When
interpreting data from rodent models, one should keep in mind that using highly inbred, or
even outbred, rodents will not capture all of the potential responses of a genetically

heterogeneous human population.

RSV-infected guinea pigs usually develop acute bronchiolitis with no clinical
symptoms and weight loss (Hegele et al., 1993). Viral antigens are predominantly present
in the epithelium of the airways in addition to alveolar macrophage. Intriguingly, RSV
virions were reported in the lungs of infected guinea pigs for up to 60 days (Dakhama et
al., 1997). RSV infection is found to upregulate cytokine expression and increase
eosinophils, neutrophils and lymphocytes as well as airway hyperresponsiveness in naive
or OVA-sensitized guinea pigs (Robinson et al., 1997; Bramley et al., 2003). Ferrets infected
with RSV affects the upper and lower respiratory tracts and elicits the production of IL-1a,
IL-T B, IFN-y, TNF- «, IL-17 and various chemokines (Prince and Porter, 1976; Chan et al.,
2018) and requires 9 days before the full clearance of RSV (Chan et al., 2018). Analogous
to guinea pigs, RSV-infected ferrets develop no clinical symptoms (Prince and Porter,
1976). RSV replicates in infected ferrets lungs is an age-dependent manner with highest

titers in the youngest animal (Prince and Porter, 1976).
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Also, the cotton rats are susceptible to human RSV with analogous viral growth
kinetics to mice with a peak viral titer on day 4 that falls to undetectable levels on day 7.
RSV replicates in the lung of the cotton rat in an age-independent manner unlike in ferrets.
The virions predominantly present in the epithelium of bronchi and bronchioles, yet absent
in trachea and alveolar cells (Prince et al., 1978). The cotton rat model is standard for
evaluating vaccines, neutralizing antibodies and antivirals (Cullen et al., 2015; Stobart et

al., 2016).

The human RSV mouse model has been broadly employed to study viral
pathogenesis and vaccine development compared to other small animal models (Prince et
al., 1979; Taylor et al., 1984; Graham et al., 1988; Graham et al., 1991; Graham et al.,
1993; Connors et al., 1994; Boelen et al., 2000; Jafri et al., 2004; Mukherjee et al., 2011b;
Stokes et al., 2011; Openshaw, 2013; Rameix-Welti et al., 2014; Knudson et al., 2015).
This is grounded on the wide pool of accessible immunological reagents as well as
commercially available knockout and transgenic mice. The strengths of the mouse model
stem from the low cost to acquire and house this species, the availability of immunological

reagents and the ease with which this species is genetically modified.

The mouse model of RSV infection, however, has some limitations. First, mice have
lower susceptibility to human RSV infection and, in contrast to human patients, primarily
the lower, not the upper airway is infected (Stark et al., 2002; Stokes et al., 2011). Second,
the mouse upper airway is quite resistant to RSV infection and a large volume, high virus
titre inoculum is required to induce lower airway virus replication and generates viral titers
systematically lower than that inoculated (Jafri et al., 2004; Miller et al., 2004; Bem et al.,
2011). Finally, virus replication takes place in mouse alveolar lining cells and to a lesser
extent bronchial lining cells, the cell type targeted by RSV in human infection (Johnson et
al., 2007; Taylor, 2017; Altamirano-Lagos et al., 2019). This likely has some consequences
regarding the pulmonary response to RSV infection, as the early window for innate and
adaptive immune responses that occur during the upper airway phase of the disease are
not allowed to develop. Additionally, RSV tends to produce a large number of replication-
deficient antigen particles that would be confined to the upper airway in natural disease
but contribute to the immense antigen load encountered by the pulmonary parenchyma
when viral inoculums are delivered directly to the lung. Overall, using the mouse model
of RSV disease to mimic the human disease is rather counterintuitive but has successfully
elucidated certain mechanisms of RSV pathogenesis, including viral antagonism of the

interferon pathway, and to evaluate the contribution of certain cellular subsets and
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cytokines to the disease process (Bem et al., 2011; Yang et al., 2015; Hijano et al., 2019;
Stephens and Varga, 2020).

The BALB/c mouse is the most frequent strain reported in human RSV-infected
mouse models. The standard laboratory RSV strains used for mice infection are A2 (Taylor
et al., 1984) and long strains (Prince et al., 1979). RSV titers peak in the mouse lung on
days 4-6 post-infection before falling to undetectable levels on day 11 (Taylor et al., 1984;
Anderson et al., 1990). RSV A2 strain replicates in the older mice lungs significantly greater
than in younger mice lungs (Taylor et al., 1984; Graham et al., 1988; Ruckwardt et al.,
2011), although in newborn mice, RSV infection exhibits similar viral kinetics to that in
adults where the viral titer peaks on day 4 post-infection (Cormier et al., 2010; Empey et
al., 2012). Gender does not appear to alter the susceptibility to RSV infection or viral
replication (Taylor et al., 1984). Hence, we have harnessed the BALB/c mouse strain in the
current chapter to test whether we can replicate the aforementioned in vitro results in vivo

in an acute model of RSV disease.

Although the RSV mouse model of RSV infection has provided much of our
understanding regarding allergic responses after presensitization (Openshaw, 1995;
Graham, 1996), RSV is not a natural pathogen of rodents, hence in vivo viral replication is
limited. Additionally, the clinical and pathophysiologic sequela in mice do not mimic those
of severe RSV infection in humans. Therefore, acute respiratory infection mouse model was
developed using pneumonia virus of mice (PVM) (Horsfall and Hahn 1940). PVM is a
pneumovirus and natural pathogen of rodent and the closest phylogenetic relative of RSV
(Easton et al., 2004; Rima et al., 2019). Mice inoculation with as few as 10 pfu of PVM
results in acute inflammatory response that progress to respiratory failure and death at lung
viral titers more than 10° pfu/g of lung tissue (Domachowske et al., 2001). The pathogenesis
of PVM infection in mice closely imitates the signs and symptoms of severe human RSV
infection. First, PVM is localized to the bronchiolar epithelium (Bonville et al., 2006),
parallel to the distribution observed for RSV in human post-mortem specimens (Welliver et
al., 2007). Second, profound inflammation of the lungs is evident by the recruitment of
lymphocytes, neutrophils, and eosinophils and severe pulmonary oedema. Third, viral
replication in the mouse lung tissue results in local production of proinflammatory
mediators including MIP-1a, MIP-2, and MCP-1, IFNy (Bonville et al., 2006), consistent
with those detected in nasal washings and lung of human infants with RSV triggered

bronchiolitis (Domachowske et al., 2004; Easton et al., 2004).
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Although PVM model mimics some features that clearly conform to human
pathophysiology, others do not (Dyer et al., 2012). For instance, PVM infection induce little
to no overt inflammation in neonatal mice (Bonville et al., 2007). Likewise, a distinct
pattern of infection cannot be established in aged mice (Bonville et al., 2010). Another
drawback of PVM model include the high genetic distance between PVM and hRSV
ranging from 10 to 60%, and lack of direct cross-reactivity (Krempl et al., 2005; Dyer et
al., 2012).

In addition to the above-mentioned limitations, minimal virus inoculum results in
robust virus replication in situ progressing to marked morbidity (hunching, fur ruffling),
weight loss, and mortality in PVM-infected mice (Domachowske et al.,, 2000a;
Domachowske et al., 2000b; Anh et al., 2006; Dyer et al., 2012). Furthermore, the current
study involved administration of glucocorticoids that were previously reported to enhance
viral replication and accelerate mortality in PVM-infected mice due to the added
immunosuppression (Domachowske et al., 2001). However, RSV infection of mice does
not lead to any measurable degree of morbidity, induces a mild mononuclear cell
infiltration to the lung instead of a profuse granulocytic bronchiolitis, and never progresses
to acute respiratory distress syndrome (ARDS) (Anh et al., 2006). For these reasons, we

selected RSV A2 strain to pursue the current study.

Mouse models of human RSV infection employ different subsets of immune cells in
disease development. Acute RSV infection triggers cytotoxic responses in the lung where
epithelial cells release innate chemokines that attract innate immune cells to the infection
site. The airway epithelium also includes resident dendritic cells that respond to allergens,
pathogens and damage signals. In addition to resident dendritic cells, exudative
macrophages (also named inflammatory monocytes) and innate lymphoid cells have been
shown to be activated following viral infection. Epithelial-derived innate cytokines (IL-25,
IL-33 and TSLP) play a crucial role where they activate type 2 innate lymphoid cells (ILC2s)
and type 2 helper T (Th2) cells that release type 2 cytokines (IL-4, IL-5 and IL-13) which in
turn leads to mucus metaplasia. Hence, under certain circumstances, allergen exposure is
not essential to initiate type 2 inflammation by viral infection (Figure 5.1) (Han et al., 2018;

van Erp et al., 2019).
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Figure 5.1| Array of airway cells involved in RSV pathogenesis in mice.

5.2 Aims

The perturbed genes expression that occurs following the epithelial cell line RSV
infection truly indicates an oversimplification of the complex pathology occurring in vivo.
Peripheral blood monocytes, lymphocytes, dendritic cells and macrophages directly
respond to viral infection or the cytokines and chemokines released by other infected cells,

and these interactions were not part of in vitro experiments.
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The present chapter aimed at determining whether poly(l:C) can trigger lung
inflammation in BALB/c mice, as well as characterizing the degree of concordances
between the effects of poly(l:C) treatment and RSV infection to help unravel potential
common pathways of action. Moreover, by comparing RSV and poly I:C responses, might
also determine the extent to which other sensing PRRs might be involved. This may in part
help to determine if it is the replication of live virus which causes lung inflammation and
GC insensitivity or if it is merely the signalling caused by recognition of the virus. This may
lead to changes in the approach to therapy and drugs which did not alter symptoms before,
but reduced replication may have a profound impact down-stream if steroids are prescribed
for future illness or exacerbation. Additionally, we have explored whether the beneficial

impact of CK18/¢ inhibition observed in vitro could be replicated in vivo.
5.3 Methods

5.3.1 Animals and ethics

Eight- to ten-week-old female BALB/c mice (Animal Resources Centre, Perth, WA,
Australia) were housed at in the Biomedical Sciences Animal Facility (the University of
Melbourne) in a temperature-controlled room (22°C+3°C) under normal 12:12 h light: dark
cycle. Food (Purina mouse chow) and water were provided to mice ad libitum. Mice were
allowed to acclimatize for at least 5-7 days before the studies commencement. Mice were
weighed daily and monitored during the experimental period for any signs of distress such
as inactivity, laboured breathing, lethargy, loss of appetite and piloerection, ruffled fur, and
huddling behaviour. Animals that had experienced any of these signs or had lost 15% of

their original body weight were euthanized by an overdose of anaesthetic.

All experimental protocols were performed in compliance with the Animal Ethics
Committee of the University of Melbourne (Ethics #1413340, #1413405) and the
guidelines of the National Health and Medical Research Council (NHMRC) Australian

Code of Practice for animal experimentation.
5.3.2 Drug preparation and administration

Dexamethasone (Sigma-Aldrich, Castle Hill, Australia), PF670462 (Abcam,
Australia) or GW788388 (GlaxoSmithkline, Australia) was dissolved in DMSO (10%V/v;
Ajax finechem) before being suspended in Arachis oil (90% v/v; Sigma Aldrich). Drugs
were stored at -20°C, then thawed and vigorously mixed prior to use to ensure that DMSO
and Arachis oil phases were properly mixed. For study groups receiving both drugs,

Dexamethasone and PF670462 or GW788388 were co-formulated in appropriate doses
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using the same vehicle (90% Arachis oil and 10% DMSO). The dose of dexamethasone
used was either 0.1mg/kg or 1mg/kg whilst PF670462 and GW788388 doses used were 30
mg/kg and 10 mg/kg respectively, based on the average weight of mice in the study. Drugs
were administered by intraperitoneal injection to conscious mice in a volume of 100 pl
using a 27-gauge needle on a 1 ml syringe. Control mice received vehicle (90% Arachis
oil and 10% DMSO) to ensure that there were no non-specific interactions with the vehicle

used for drug delivery.
5.3.3 Mouse model for RSV infection

Human RSV, A2 strain (Human RSV, A2 strain (ATCC® VR-1540P™), was used in
the current study. Female BALB/c mice were assigned to eight weight-matched study
groups (6 mice/group). Mice were lightly anaesthetised with the inhalation anaesthetic
isoflurane vaporised in O,. A mouse was placed in an airtight plastic induction chamber
with a flow rate of O, between 1.0-2.0 L/min containing 2-3 % isoflurane. Once the
righting reflex was lost as tested by rocking the tub gently, the animal was appropriately
anaesthetised and ready for the procedure. Unconscious mice were intranasally inoculated
with 2,000,000 TCIDs, units of RSV in a volume of 50 ul of diluent (VP-SFM). The infective
dose chosen in the current study was reported previously to develop infection that could
be readily detected in lung homogenates and was accompanied by pronounced pulmonary
pathology as indicated by pulmonary cellular influx and pro-inflammatory cytokine and
chemokine levels (Muioz et al., 1991; van Schaik et al., 1998; van Erp et al., 2019). Mice
were then allowed to recover on a heating pad until they were active before being returned
to their home cages. RSV infection causes a mild to moderate airway inflammation, but the
mice remain asymptomatic with no overt disease. Mice were euthanised 5 days post RSV
inoculation. Control animals were inoculated intranasally with an equal volume of mock
prepared as previously described in Section 2.2 and diluted with VP-SFM at the same

concentration as the stock virus.

One day after RSV infection or mock inoculation, each study group received a daily
intraperitoneal injection of either vehicle (90% Arachis oil and 10% DMSO),
dexamethasone (1 mg/kg), PF670462 (30 mg/kg), the TGF- 3 receptor kinase inhibitor,
GW?788388 (10 mg/kg) or a co-formulation of dexamethasone with either GW788388 or
PF670462 as outlined in the experimental design in Figure 5.2. On day 5, mice were

euthanized four hours after daily dosing.
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Figure 5.2| Schematic outline of Experimental design for RSV study.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, Mice were
euthanized.

5.3.4 Mouse model of Poly I:C acute lung injury

Female BALB/c mice were assigned to 5 weight-matched study groups (6
mice/group). Mice were lightly anaesthetised with the inhalation anaesthetic isoflurane
vaporised in O,. A mouse was placed in an airtight plastic induction chamber with a flow
rate of O, between 1.0-2.0 L/min containing 2-3 % isoflurane. Once the righting reflex was
lost as tested by rocking the tub gently, the animal was appropriately anaesthetised and
ready for the procedure. Unconscious mice were intranasally administered 100 pg of poly
[:C in a volume of 50 pl. Mice were then be allowed to recover on a heating pad until they
are active before being returned to their home cages. Saline/vehicle control mice received
50 pl of saline only. The poly I:C stimulus causes a mild to moderate airway inflammation,
but the mice remain asymptomatic. An experimental study was carried out according to
the design outlined in Figure 5.3. Briefly, on day 0, all study groups received an
intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100 ul; 90% Arachis oil
and 10% DMSO). On day 1 and prior to poly I:C instillation, mice were injected with either
vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-formulation of both
dexamethasone (0.1 mg/kg) and PF670462 (30 mg/kg). Twenty-four hours after Poly I:C

instillation, mice were culled.
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Figure 5.3| Schematic outline of Experimental design of poly I:C acute lung injury study.
Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). On day later and before poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone and PF670462. Twenty-four hours after challenging
by intranasal poly I:C instillation, mice were culled.

5.3.5 Experimental study endpoint

At the conclusion of the experiment, mice were euthanized by an intraperitoneal
overdose of pentobarbitone (150 mg/kg) buffered in PBS using a 27-gauge needle. Animal
Death was confirmed by stopping of breathing, loss of footpad colour and reflex. Death
was further confirmed through collecting blood from posterior vena cava using 1ml syringe
with 21-gauge needle. The mice tracheas were exposed surgically and cannulated for
bronchoalveolar lavage (BAL) using a trimmed sterile 18-gauge intravenous catheter
inserted caudally into the lumen. Lungs were lavaged by 300 pl of 0.9 % saline (Pfizer Pty
Ltd., WA, Australia) three times and the wash fluid was collected and kept on ice until
further analysis. Following lavage, the lungs were dissected, weighed and snap-frozen in
liquid nitrogen then stored at -80°C until further analysis. Other organs such as thymus,
heart, liver, spleen, kidney and uterus were dissected and weighed to determine any drug-

induced weight changes.

For gene expression analyses, snap-frozen lungs were pulverised in an RNase-free
mortar and pestle under liquid nitrogen and homogenised in an appropriate volume of RLT
buffer/ 1% B-mercaptoethanol, by passing the tissue through a 23-gauge needle with 1 ml
sterile syringe attached 5-10 times. Total RNA was isolated from a portion of the
homogenised tissue using Qiagen RNeasy Mini kits, according to the manufacturer’s

instructions.
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5.3.6 Total and differential cell counts in bronchoalveolar lavage

Cellular inflammation was assessed by total and differential cell counts in
bronchoalveolar lavage fluid (BALF). Total viable cell count was determined using the
fluorescent viability stain ethidium bromide acridine orange (Molecular Probes.,
Invitrogen). A small aliquot (10 — 20 pl) of BAL was incubation on ice for 30 s with an equal
volume of viability stain (acridine orange/ethidium bromide/saline) and counted on a
standard Neubauer haemocytometer under fluorescent light on an epifluorescence
microscope (Zeiss Axioshop, Germany). In this method, viable cells incorporate acridine

orange and appear bright green in colour.

To determine differential cell types within BAL samples, cytospins of cells were
prepared by centrifuging 200 ul of the sample at 400 rpm for 10 min. Cytospins were
allowed to air-dry before staining with DiffQuik reagents (Dade Behring, USA); fixative
(triarylmethane dye & methanol, 5 mins), followed by xanthene dye (red; 10 min), thiazine
dye (blue; 2 min) and finally excess dyes were gently washed away with running H,O.
Once dry, glass coverslips were adhered to the cytospins with entellan (Merck, Australia)
and differential cell counts assessed by bright field microscopy. Macrophages, neutrophils,
eosinophils and lymphocytes were identified and counted according to standard
morphological criteria, (lymphocyte; small, dark purple, macrophage; dark purple nucleus
with pale cytoplasm, neutrophil; irregular shaped nuclear body with bluish cytoplasm,
eosinophil; red cytoplasm) with a total of 500 cells counted per slide under oil immersion

at 40X magnification (Olympus BX52, Olympus Optical, Japan).
5.3.7 Collection of bronchoalveolar lavage cells and supernatant

After cell counts had been performed, BAL fluid was pelleted (10,000 rpm, 10 min)
to eliminate any remaining cells. The supernatant was collected, transferred to 1.5 ml
Eppendorf tubes and stored at -20°C for subsequent total protein concentrations
measurement using the Bio-Rad protein assay method, as described in Section 2.7.2. The
remaining cell pellet was lysed in 350 pl RLT buffer/ 1% B-mercaptoethanol using a 23-
gauge needle with 1 ml sterile syringe attached. The lysed cell pellet was snap-frozen prior
to storage at -80°C for later molecular analysis. Total RNA was purified QIAGEN RNeasy

Mini-kits (Qiagen Inc., Valencia, CA) according to manufacturer’s instructions.
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5.4 Results
5.4.1 Change in body weight in female 9-week-old BALB/c mice

Weight loss is usually indicative of RSV illness severity in the BALB/c mouse model.
Over the course of the study, mice were observed on a daily basis for any bodyweight
changes. Individual mouse’s weight was calculated as a percentage of its weight on day 0,
such that any weight loss would be below 100%. At all-time points, control animals
maintained a mean weight of more than 100%. On the other hand, BALB/c mice infected
with 2,000,000 virions showed the first signs of weight drop on day 2 post-infection,
becoming significantly different compared to the control group treated with mock-
conditioned media on day 3 post-infection. (Figure 5.4). Mice receiving dexamethasone
showed a significant earlier decline in body weight starting on day 2 post-infection and
continued till the end of the study. Treatment with PF670462 or GW788388 failed to

attenuate weight loss in RSV-infected mice.

Conversely, in a murine model of poly I:C acute lung injury, mice in all groups did
not experience any significant change in body weight compared to control group over the

course of the study (Figure 5.5).
5.4.2 Change in organs weight in female 9-week-old BALB/c mice

Immediately after the mice were euthanized, organs including lung, thymus, liver,
kidney, spleen, thymus and uterus, were dissected from the mice, examined
macroscopically, and weighed. The percentage of organ weights relative to the final body

weight was then calculated.

As demonstrated in Table 5.1, RSV inoculation produced a substantial reduction in
the thymus weight, while it did not affect the weight of any other organs. Treatment of RSV-
infected mice with dexamethasone or PF670462 on a daily basis had caused a further
decline in the thymus weight and a significant reduction in spleen weight compared to
mock-infected mice. Furthermore, neither Dexamethasone nor PF670462 had any effect
on the weights of liver, kidney or uterus. GW788388 administration caused a further fall
in the thymus weight and significantly decreased the liver weight, while no notable changes

were observed in the spleen, kidney and uterus weights.

Intranasal instillation of poly 1:C had no notable change in any of the organs
weighed compared to saline-treated mice. Likewise, mice treated with dexamethasone,

PF670462 or co-formulation of both did not show any change in organs weight (Table 5.2).
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Figure 5.4| Change in body weight in RSV infected female BALB/c mice.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. Mice were weighed
on a daily basis for 5 days post-infection and weights were displayed as a percentage of
individual mouse’s weight on day 0. Data are presented as means and SEM for n=5-6
mice/treatment group. Statistical significance (relative to the time-matched Mock control
at each time point) was determined by Ordinary two-way ANOVA, Dunnett’'s multiple
comparisons post-hoc test. P-values lower than 0.05 were represented as *; p<0.05, **;
p<0.01, ***; p<0.001.
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Figure 5.5| Change in body weight of female BALB/c mice in poly I:C acute lung injury
study.

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). One day later and before poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone and PF670462. Twenty-four hours following
challenging by intranasal poly I:C instillation, mice were culled. Mice were weighed daily,
and weights were displayed as a percentage of each mouse’s weight on day 0. Data are
presented as means and SEM for n=6 mice/treatment group. Statistical significance (relative
to the time-matched control at each time point) was determined by Ordinary two-way
ANOVA, Dunnett’s multiple comparisons post-hoc test.
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Table 5.1| Organ weight in female BALB/c mice in 5-days model of RSV infection.

Treatment Group Thymus Liver Kidney Spleen Uterus

Weight (% body weight)

Mock virus + Vehicle 0.17+ 0.008 4.43+0.112 0.602+0.0189 0.55+0.02 0.488+0.0696
RSV + Vehicle 0.09+ 0.006 ** 4.06+0.137 0.615+0.0181 0.54+0.03 0.499+0.105
RSV + GW788388 0.047+0.01 ** 3.76x0.127 * 0.613+0.0159 0.52+0.02 0.423+0.0301
RSV + PF670462 0.059+ 0.071 *** 4.24+0.154 0.635+0.0248 0.31+0.07 *** 0.346+0.0135
RSV + Dexamethasone 0.010+ 0.07 *** 4.59+0.134 0.605+0.0118 0.28+0.07 *** 0.46+0.0775
RSV + Dex + GW788388 0.031£ 0.071 **=* 4.45+0.115 0.634+0.0204 0.29+0.02 *** 0.302+0.0364
RSV + Dex + PF670462 0.051+ 0.01 ***, £# 4.96+0.114 #4# 0.612+0.0228 0.22+0.07 *** 0.399+0.0432

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock or 2 million RSV virions under anaesthesia with 2-3%
isoflurane. Starting from day 1, mice received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10% DMSO), dexamethasone
(1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-formulation of dexamethasone with either GW788388 or PF670462. On day 5,
mice were euthanized four hours after daily dosing, and thymus, liver, kidney, spleen and uterus were dissected and weighed. Organ weights are
expressed as % of the body weight. Data are presented as means and SEM for n=5-6 mice/treatment group. Statistical significance (relative to * Mock
control group or # RSV-infected group) was assessed by Ordinary one-way ANOVA, Bonferroni's multiple comparisons post-hoc test, and is denoted
as follows: * or #; p<0.05, ** or #4#; p<0.01, *** or ###; p<0.001.
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Table 5.2| Change in organs weight in female BALB/c mice in poly I:C acute lung injury study.

Treatment Group Thymus Liver Kidney Spleen Uterus
Weight (% body weight)
Saline + Vehicle 0.239+0.029 4.41+0.12 0.595+ 0.02 0.377+0.01 0.208+ 0.03
Poly I:C + Vehicle 0.234+0.025 4.23+0.01 0.602+ 0.02 0.376+0.02 0.171+0.03
Poly 1:C + PF670462 0.231+0.014 4.51+0.16 0.575+ 0.02 0.393+0.04 0.217+0.03
Poly 1:C + Dexamethasone 0.247+0.021 4.37+0.18 0.573+ 0.02 0.433+0.03 0.221+0.05
Poly I:C + Dex + PF670462 0.192+0.018 4.45+0.17 0.591+ 0.01 0.384+0.02 0.192+ 0.02

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100 ul; 90% Arachis oil and 10% DMSO). On day later and
before poly I:C instillation, mice were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-formulation of both
dexamethasone and PF670462. Twenty-four hours following poly I:C instillation, mice were culled, and thymus, liver, kidney, spleen and uterus
were dissected and weighed. Organ weights were expressed as % of the body weight. Data are displayed as means and SEM for n=6 mice/treatment
group. Statistical significance was assessed by Ordinary one-way ANOVA, Bonferroni's multiple comparisons post-hoc test.
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5.4.3 Indices of pulmonary injury in 5-days murine model of RSV infection.

To characterize the pulmonary pathogenesis following RSV infection, lung weight
and BALF protein and cellular content were measured as indices of pulmonary injury. As
demonstrated in Figure 5.6, inoculation of RSV in BALB/c mice induced a substantial

increase in lung weight, bronchoalveolar lavage fluid protein as well as cellular content.

As demonstrated in Figure 5.6 C, treatment with either dexamethasone or
PF670462 alone directly reduced cell recruitment following RSV infection, as did the
combination which was associated with BAL cell count decreasing to baseline levels.
However, treatment of RSV-infected mice with GW788388 alone had no remarkable
change in BAL cells counts. The profound reduction achieved by dexamethasone alone
was maintained in dexamethasone plus GW788388-treated mice. None of the treatments;
dexamethasone, PF670462, GW788388 or dexamethasone co-formulated with PF670462
or GW788388 had altered the increase in lung weight or BAL cell protein levels in RSV-
infected mice (Figure 5.6 A and B).

In order to assess the relative populations of inflammatory cells implicated, cells
recovered from lung lavages and differential analysis was done on prepared cytospins of
the BAL cells. Figure 5.7 shows the numbers of neutrophils, monocytes, eosinophils and
lymphocytes in the lungs of infected and control mice. RSV infection markedly increased
the recruitment of neutrophils and lymphocytes as evident by increased cell counts.
However, monocytes number in BAL following RSV infection was not changed. The
combination of dexamethasone and PF670462 reduced lymphocytes counts in BALF,
whereas neither compound alone had an effect. Such synergistic interaction seen in
dexamethasone and PF670462 was not reproduced in dexamethasone plus GW788388-
treated mice. Additionally, none of the treatments used had any detectable effect on

neutrophils counts in RSV-infected mice.

As demonstrated in Figure 5.8, RSV infection triggered the expression of
intracellular adhesion molecule 1 (ICAM-1), albeit non-significantly (p= 0.0692). Treatment
of RSV-infected mice with dexamethasone alone or concurrently with either PF670462 or
GW?788388 had no detectable effect on ICAM-T1 expression, suggesting insensitivity to

tested compounds.
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Figure 5.6| Indices of pulmonary injury in 5-days murine model of RSV infection.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, mice were
euthanized four hours after daily dosing. A, Lungs were dissected and weighed. Lung
weight is expressed as a % of the body weight. Bronchoalveolar lavage was collected for
subsequent analysis to determine total proteins (B) and total cell number (C). Data are
presented as means and SEM for n=5-6 mice/treatment group. Statistical significance (* c.f.
Mock control group or # c.f. RSV-infected group) was assessed by Ordinary one-way
ANOVA, Bonferroni's multiple comparisons post-hoc test, and is represented as follows: *
or #; p<0.05, **or ##; p<0.01, ***; p<0.001, ns; non-significant.
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Figure 5.7| Differential cell count of bronchoalveolar lavage in 5-days murine model of
RSV infection.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, mice were
euthanized four hours after daily dosing. Lungs were dissected and bronchoalveolar lavage
was collected and used to determine differential cell count. Data are presented as means
and SEM for n=5-6 mice/treatment group. Statistical significance (* c.f. Mock control group
or # c.f. RSV-infected group) was determined by Ordinary one-way ANOVA, Bonferroni's
multiple comparisons post-hoc test, and is represented as follows: * or #; p<0.05, **or #4;
p<0.01, ***; p<0.001, ns; non-significant.
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Figure 5.8| Intracellular adhesion molecule 1 expression in lung tissue following RSV
infection.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, mice were
euthanized four hours after daily dosing, and lungs were dissected. Lung tissue was
subjected to RNA extraction after bronchoalveolar lavage and gene expression was
assessed by RT-qPCR. Results are displayed as fold change from Mock/vehicle control.
Data are presented as means and SEM for n=5-6 mice/treatment group. Statistical
significance (* c.f. Mock control group or # c.f. RSV-infected group) was assessed by
Ordinary one-way ANOVA, Bonferroni's multiple comparisons post hoc test, and is
represented as follows: *; p<0.05, **; p<0.01, ns, non-significant.
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5.4.4 Intranasal exposure to poly I:C triggers mild lung injury in normal BALB/c mice

on day 2.

Intranasal exposure to poly I:C; the double-stranded RNA analogue, triggered mild
lung injury in normal BALB/c mice on day 2. No mortality was observed following
intranasal exposure to either saline or 100 ug/mouse poly I:C. Nevertheless, exposure to
poly I:C, yet not saline, led to a significant increase in lung weight on day 2 and was
indistinguishable in the extent to that observed in RSV-infected mice (Figure 5.9 A).
Intranasal poly I:C exposure led to a moderate increase in epithelial permeability on day
2, as evident by the increased protein concentration in the bronchoalveolar lavage fluid
(Figure 5.9 B). Similarly, a significant increase in BAL cellular content was detected in poly
[:C-treated mice, indicative of cell recruitment following inflammation (Figure 5.9 C).
Differential cell counts of the BAL cells in mice challenged with poly I:C showed a
significant increase in neutrophils counts but not other leukocyte subsets (Figure 5.10).
None of the treatments either alone or in combination had subsided neutrophil recruitment
to the lung following poly I:C exposure. Lung weight, BAL protein and BAL cellularity
increases in response to intranasal poly I:C exposure were not affected by dexamethasone,
PF670462 or the combination of both treatments as was the increase in neutrophils count

(Figure 5.9 and Figure 5.10).
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Figure 5.9| Intranasal exposure to poly I:C; double-stranded RNA analogue, triggers mild
lung injury on day 2 in normal BALB/c mice.

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). On day later and before poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone and PF670462. Twenty-four hours following poly I:C
instillation, mice were culled. A, Lungs were dissected and weighed. Lung weight is
expressed as a % of the body weight. B, bronchoalveolar lavage was collected for
subsequent analysis to determine total proteins (lift) and total cell number (right). Data are
presented as means and SEM for n=6 mice/treatment group. Statistical significance was
assessed by Ordinary one-way ANOVA, Bonferroni's multiple comparisons post-hoc test,
and is represented as follows: *, p<0.05; **, p<0.01; ***, p<0.001; ns, non-significant.
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Figure 5.10| Differential cell count of bronchoalveolar lavage in poly I:C acute lung injury

model.

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). On day later and before poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone and PF670462. Twenty-four hours following poly I:C
instillation, mice were culled. Lungs were dissected and bronchoalveolar lavage was
collected and used to determine differential cell count. Data are presented as means and
SEM for n=6 mice/treatment group. Statistical significance was assessed by Ordinary one-
way ANOVA, Bonferroni's multiple comparisons post-hoc test, and is denoted as follows:

*, p<0.05; ns, non-significant.
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5.4.5 Changes in the expression of inflammatory mediators following RSV
infection in BALB/c mice.

In line with the previously observed changes in inflammatory cell infiltrates, gene
expression analysis showed that RSV inoculation significantly elevated the expression of
pro-inflammatory cytokines, such as TNF-a as measured in BAL cells and lung tissue, while
IL-6 increased in lung tissue only. Dexamethasone blunted RSV-triggered expression of
TNF-a in BAL cells, whereas it only reduced the expression of /L-6 but not TNF-¢ in lung
tissue. Co-administration with PF670462, not GW788388 synergistically decrease TNF-a
in lungs of RSV-infected mice. While treatment with PF670462 alone shows remarkable
anti-inflammatory effect evident in dampened TNF-a expression in BAL cells but not in
lung tissue, GW788388 alone did not show similar potential either in BAL cells or lung
tissue (Figure 5.11).

On the other hand, mice receiving intranasal instillation of poly 1:C showed a
significant surge in the expression of pro-inflammatory cytokines; TNF-a, IL-6 and KC
(murine homolog of human IL-8). Neither dexamethasone nor PF670462 diminished the
elevated pro-inflammatory cytokines expression in BAL or lung tissue of mice receiving

poly I:C, as was the combination (Figure 5.12).
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Figure 5.11| Expression of inflammatory mediators in bronchoalveolar lavage (BAL) cells
(A) and lung tissue (B) following RSV infection in BALB/c mice.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, mice were
euthanized four hours after daily dosing, and lungs were dissected after bronchoalveolar
lavage. BAL cells (A) and Lung tissue (B) were subjected to RNA extraction and gene
expression was assessed by RT-qPCR. Results are displayed as fold change from
Mock/vehicle control. Data are presented as means and SEM for n=5-6 mice/treatment
group. Statistical significance (* c.f. Mock control group or # c.f. RSV-infected group) was
assessed by Ordinary one-way ANOVA, Bonferroni's multiple comparisons post-hoc test,
and is represented as follows: * or #; p<0.05, ** or #4#; p<0.01, ***or ##4#; p<0.001, ****;
p<0.0001, ns; non-significant.

154



CHAPTER 5: In vivo responses to RSV and double-stranded RNA

A Tumor Necrosis Factor-a. (TNF-o)

Gene expression (fold vehicle)
401

ns
301 —ns
ns
204
ns
101
0- =
T T T T T
Poly I:.C - + + + +
Dex - - + - +

Interleukin 6 (IL-6)
Gene expression (fold vehicle)

500
ns
ns
400+ —_—
ook
300+
ns
| —
200 * ns ns
100+
0_ ———
' ' ' ' '
Poly I:C - + + + +
Dex - - + -4

Keratinocyte Chemoattractant (KC)
Gene Expression (fold vehicle)

B Tumor Necrosis Factor-o. (TNF-o)
Gene expression (fold vehicle)

151
ns
7
e
104 . ns ok kok
; *kok
54
ol =
Poly I:C - + + + +
Dex - - + - +
Interleukin 6 (IL-6)
Gene expression (fold vehicle)
40 -
ns
30+ M
kokok
ns
20+ sk
kk
*
10
0_ = D
Poly I:.C - + + + +
Dex - - + - +

Keratinocyte Chemoattractant (KC)
Gene Expression (fold vehicle)

301 100 ns
ns w 1
ns ‘ —
x 80- ok
20 —ns
* 60
" ns ns
401 ok *x
104 v
* 7
N |j %
0od == 0d - é
T T T T v T T T T T
Poly I:.C - + + + + Poly I:C - + + + +
Dex - - + - + Dex - - + - +

3 Saline + Vehicle
3 Poly IC + Vehicle
Poly IC + 0.1 mg/kg Dex

3 Poly IC + 30 mg/kg PF670462
Poly IC + Dex + PF670462

Figure 5.12| Expression of inflammatory mediators in bronchoalveolar lavage (BAL) cells
(A) and lung tissue (B) in poly I:C acute lung injury model.

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). On day later and before poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone and PF670462. Twenty-four hours after poly I:C
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instillation, mice were culled, and lung was dissected after bronchoalveolar lavage. Total
mRNA was extracted from BAL cells (A) or lung tissue (B) and gene expression was assessed
by RT-gPCR. Results are displayed as fold change from vehicle control. Data are shown as
means and SEM for n=6 mice/treatment group. Statistical significance (* c.f. saline control
group or # c.f. poly l:C-treated group) was assessed by Ordinary one-way ANOVA,
Bonferroni's multiple comparisons post-hoc test, and is denoted as follows: * or #, p<0.05;
*** or ##, p<0.001; ***or ##4#; p<0.001, ns, non-significant.

5.4.6 Antiviral genes expression following RSV infection in normal BALB/c mice

We have previously shown that RSV infection mediated upregulation of
proinflammatory genes in BALB/c mice on day 5 post-infection (Figure 5.11). So, we
thought to evaluate the immune response in the lung following RSV infection. The
expression pattern of selected anti-viral genes, including, IFNa, IFNB, IFNy, IFNA2 and
IFNA3 was measured in RSV infection model described in Section 05.3.3.

As shown in Figure 5.13, gene expression analysis by real-time RT-PCR has shown
that while the expression of /FNa remained unchanged in lung tissue following RSV
infection, the mRNA expression of IFNB, IFNy, IFNA2 and IFNA3 increased, albeit non-
significantly, compared to animals receiving Mock-conditioned media. Such slight increase

in INF expression remained unchanged following dexamethasone treatment.

5.4.7 Antiviral genes expression following intranasal exposure to poly(l:C) in normal

BALB/c mice

To assess the biological activity of poly I:C in the mouse model described in Section
5.3.4, type |, I and Il IFNs induction was assessed by measuring mRNA expression of /FN-
a/B, IFN-y, IFNA2/3 respectively in lung tissue and BAL cells by RT-qPCR. As demonstrated
in Figure 5.14 and Figure 5.15, intranasal instillation of the double-stranded RNA analogue
poly I:C in normal BALB/c mice induced interferon expression, including IFNB in BAL cells
and /FNA2 in lung tissue. Treatment with dexamethasone did not affect the upregulation of
IFN £ or IFN 4 2 expression in mice receiving poly I:C compared with animals receiving
saline. Interestingly, PF670462 administration markedly augmented poly I:C mediated
upregulation of INF-f expression in BAL cells, whereas it had no detectable effects on other

INF expression.
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Figure 5.13| Interferons expression as measured in lung tissue after RSV infection in
female BALB/c mice.
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Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, mice were
euthanized four hours after daily dosing, and lungs were dissected. Lung tissue was
subjected to RNA extraction after bronchoalveolar lavage and gene expression was
assessed by RT-qPCR. Results are displayed as fold change from Mock/vehicle control.
Data are presented as means and SEM for n=5-6 mice/treatment group. Statistical
significance (* c.f. Mock control group or # c.f. RSV-infected group) was assessed by
Ordinary one-way ANOVA, Bonferroni's multiple comparisons post-hoc test, and is
represented as follows: * or #; p<0.05, **; p<0.01, ***; p<0.001.

5.4.8 Impact of RSV infection on T-cell responses in BALB/c mice

To establish the impact of different treatments on T-cells responses, the expression
of TBX21 (T-Box Transcription Factor 21), CTLA4 (Cytotoxic T-Lymphocyte Antigen 4) and
FOXP3 (forkhead box P3) were measured in lung tissue.

TBX21 (T-Box Transcription Factor 21) is a gene encoding for transcription factor
T-bet that is responsible for the induction of T helper (Th)1 cell and the repression of Th2
cells from naive T lymphocytes and has been implicated in asthma pathogenesis. FOXP3
(forkhead box P3) is crucial for the formation and normal functioning of regulatory T cells,
that are essential to prevent autoimmunity (Fontenot et al., 2003). It acts also as a
transcription activator for many genes including Cytotoxic T-Lymphocyte Antigen 4
(CTLA4); that encodes for a transcription factor that is a major negative regulator of T-cell

responses (Togashi et al., 2019).

As shown in Figure 5.16, RSV infection markedly promoted the expression of
TBX21 and CTLA4 as compared to mock-infected mice, while FOXP3 expression increased,
albeit non-significantly. Treatment of RSV-infected mice with dexamethasone alone had
no detectable effect on TBX21 and CTLA4 expression as did dexamethasone coformulated
with GW788388. Likewise, dexamethasone coformuled with PF670462 did not show any
significant effect on CTLA4 and FOXP3 expression in RSV-infected mice, however it
attenuated RSV-mediated upregulation of TBX21. Intriguely, GW788388 alone, but not
PF670462, had upregulated the expression of FOXP3 and CLTA4 as compared to RSV-

infected mice.
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Figure 5.14| Interferons expression as measured in lung tissue following poly 1:C
instillation in BALB/c mice.

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). On day later and prior to poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone (0.1 mg/kg) and PF670462 (30 mg/kg). Twenty-four
hours after poly I:C instillation, mice were culled, and lungs were dissected. Lung tissue
was subjected to RNA extraction after bronchoalveolar lavage and gene expression was
assessed by RT-qPCR. Results are presented as fold change from vehicle control. Data are
shown as means and SEM for n=6 mice/treatment group. Statistical significance (* c.f. saline
control group or # c.f. poly I:C-treated group) was assessed by Ordinary one-way ANOVA,
Bonferroni's multiple comparisons post-hoc test, and is represented as follows: *; p<0.05,
**; p<0.01

159



CHAPTER 5: In vivo responses to RSV and double-stranded RNA

Interferon beta (INF-B) Interferon gamma (INF-y)
Gene Expression (fold Vehicle) Gene Expression (fold Vehicle)
1207 i | 3] ns
T 1 I 1
100 - ns### S i, i
80 - — T 2 ns -|_
60 >l<-’lk-* ns ns ns 7
20 ==
%
Poly I:1C - + + + Poly I:C - + + + +
Dex - - + - + Dex - - + - +
Interferon Lamda 2 (INF-\2) Interferon Famda 3 (INF-A3)
Gene Expression (fold Vehicle) Gene Expression (fold Vehicle)
501 ns 8+ ns
' ns ! f ns 1
40 - ns ~hs
6 —
30- -T_ -T_ ns 0s
7 T o« T
ns
20+ T % ? . ns
/ / ”l ns
104 / / %
7\ @ O 7
N AL b A
Poly .C - + + o+ + PolyI:C -  + + o+ +
Dex - - + - + Dex - - -
[ Saline + Vehicle [ Poly IC + 30 mg/kg PF670462
1 Poly IC + Vehicle Poly IC + Dex + PF670462
Poly IC + 0.1 mg/kg Dex

Figure 5.15| Interferons expression as measured in bronchoalveolar lavage (BAL),
following poly I:C instillation in BALB/c mice.

Mice received an intraperitoneal injection of either PF670462 (30 mg/kg) or vehicle (100
pl; 90% Arachis oil and 10% DMSO). On day later and before poly I:C instillation, mice
were injected with either vehicle, dexamethasone (0.1 mg/kg), PF670462 (30 mg/kg) or co-
formulation of both dexamethasone and PF670462. Twenty-four hours after poly I:C
instillation, mice were culled. Total mRNA was extracted from BAL cells and gene
expression was assessed by RT-qPCR. Results are displayed as fold change from vehicle
control. Data are shown as means and SEM for n=6 mice/treatment group. Statistical
significance (* c.f. Saline control group or # c.f. poly I:C-treated group) was assessed by
Ordinary one-way ANOVA, Bonferroni's multiple comparisons post-hoc test, and is
represented as follows: *, p<0.05; *** or #4##, p<0.001; ns, non-significant.
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Figure 5.16| Impact of RSV infection on T cell responses as measured in lung tissue in
female BALB/c mice.

Eight- to ten-week-old female BALB/c mice were intranasally inoculated with either Mock
or 2 million RSV virions under anaesthesia with 2-3% isoflurane. Starting from day 1, mice
received a daily intraperitoneal injection of either vehicle (90% Arachis oil and 10%
DMSO), dexamethasone (1 mg/kg), PF670462 (30 mg/kg), GW788388 (10 mg/kg) or a co-
formulation of dexamethasone with either GW788388 or PF670462. On day 5, mice were
euthanized four hours after daily dosing, and lungs were dissected. Lung tissue was
subjected to RNA extraction after bronchoalveolar lavage and gene expression was
assessed by RT-qPCR. Results are presented as fold change from Mock/vehicle control.
Data are shown as means and SEM for n=5-6 mice/treatment group. Statistical significance
(* c.f. Mock control group or # c.f. RSV-infected group) was assessed by Ordinary one-way
ANOVA, Bonferroni's multiple comparisons post-hoc test, and is represented as follows: *;
p<0.05, **; p<0.01, ***; p<0.001.
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5.5 Discussion

The proceeding chapters have focused on the airway epithelium, demonstrating
that RSV infection attenuates GC transactivation responses in the airway epithelial cells,
consequently limiting anti-inflammatory GR-mediated actions. The apparent resistance
was partly down-stream of TLR3 activation. Additionally, we found that CK1 &/¢ inhibitor;
PF670462 attenuate RSV-induced glucocorticoid insensitivity. Although airway epithelial
cells are the major site for RSV infection and replication and contribute to the inflammation
of the airways following viral infection, the complex interaction between the inflammatory,
immune, epithelial and other structural cells essentially underlie the persistent chronic
inflammatory response, particularly observed in asthma and COPD (Barnes, 2008). So, we
thought to further validate the in vitro findings in murine models of RSV infection and poly

[:C acute lung injury.

In the preceding chapters, we have shown that poly(l:C); the synthetic dsRNA
analogue, had recapitulated RSV-induced GC insensitivity in respiratory epithelial cells in
vitro. Therefore, it is readily conceivable to characterize the degree of concordance
between the impact of poly I:C and RSV on murine lung. This may help unravel the relative
contribution of TLR3 activation to the pathogenesis of lung dysfunction following RSV

infection.

RSV infection can lead to noticeable illness in mice manifested by reduced activity,
ruffled fur and weight loss. These parameters were reported to be closely correlated with
lung pathology in experimental infection of mice (Morris et al., 2019). Several studies have
reported that the A2 strain of RSV caused weight loss one-week post-infection (Graham et
al., 1988; Peebles et al., 2001; Moore et al., 2007). This finding was reproduced in the
current results, where intranasal insufflation of RSV (2 million virions) to mice caused a
significant weight loss starting on day 3 post-infection. Previous studies had related the
weight loss observed to the secretion of proinflammatory cytokines including TNF-a and
IL-1a which are known to cause discomfort and reduce appetite, leading to weight loss
(Kelley et al., 2003; Borchers et al., 2013). On the other hand, poly I:C exposure did not
replicate this aspect of RSV pathology where no remarkable change in body weight was
observed during the study course. The dissimilarity in findings may be attributed to the
difference in the exposure period, where mice were exposed to RSV for 5 days while poly

I:C treated mice were exposed to the stimulus for only 24 h.
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Despite dampening the inflammatory response to RSV infection in the lung,
dexamethasone failed to ameliorate body weight loss in RSV-infected mice. On the
contrary, RSV-infected mice treated with dexamethasone showed earlier (on day 2) and
more, however non-significant, body weight loss compared to the vehicle-treated group.
The decrease in the body weight caused by the treatment with dexamethasone is generally
a common side effect, considered to be the result of the potent catabolic effects of

glucocorticoids, particularly on the muscle tissue (Schakman et al., 2013).

Five days post RSV infection, a marked decline was observed in thymus weight,
indicative of thymus involution in mice. Treatment of RSV-infected mice with
dexamethasone caused a further decrease in the thymus and significant decline in spleen
weights which was in line with previous findings (Xavier-Elsas et al., 2015). As
glucocorticoids are known inducers of T lymphocyte apoptosis (Keenan et al., 2015), the
involution of the main lymphoid organs, including thymus and spleen, is an indicator of

their immunosuppressive activity.

Next, we thought to explore the indices of pulmonary inflammation including the
change in 1) the lung weight relative to body weight, 2) the protein content of the BAL
fluid, and 3) cellular content and differential cell population in the BAL fluid (Lax et al.,
2014). The leakage of protein into the airspaces normally reflects plasma leakage from
inflamed blood vessels, its accumulation in the interstitium and subsequently passage
through a compromised epithelial barrier. BAL also contains cells, including those that are
present under physiological circumstances (mainly macrophages) and those that are
recruited following injury infection or allergic inflammation. The composition of the BAL
cell infiltrate in these different types of inflammation varies, as it does over the time course
of induction to the period of resolution (Uchida et al., 2006). Reductions in either or both
of BAL cells and protein is considered to be evidence of a protective effect in various

pulmonary pathologies (Su et al., 2007).

RSV infection has been reported to increase the gross weight of the lungs and
elevated protein content in BALF in BALB/c mice (Bolger et al., 2005) and infants and
studies of certain infants infected with RSV (Brandenburg et al., 2000; Hornsleth et al.,
2001). These corroborate our observation that RSV infection elicited a remarkable
pulmonary pathology as evident by the substantial increase in lung weight,
bronchoalveolar lavage fluid protein as well as cellular content. Additionally, exposure to
poly I:C elicited a significant increase in lung weight that was indistinguishable in degree

to that observed in RSV-infected mice. Intranasal exposure to 100 pg/mouse poly I:C also
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resulted in a moderate elevation in BALF protein and cell counts in the lung parenchyma
at day 2 secondary to increased epithelial permeability. These findings are consistent with
previous studies utilizing comparable poly 1:C doses (Aeffner et al., 2011). The increase in
lung weight occurs secondary to pulmonary hypertrophy, inflammation, and oedema
reported in infected lungs. Most of the protein in BALF is likely attributed to the release of
inflammatory cytokines such as TNF-a that increase the vascular permeability leading to

the extravasation of plasma proteins (Hussell et al., 2001).

While treatment of RSV-infected mice with dexamethasone alone partially reduced
the cellularity of BAL fluid, PF670462, interestingly, abolished the recruitment of
inflammatory cells to the airways. Synergy was evident in the regulation of BALF cellular
content when dexamethasone was co-administered with PF670462 in RSV-treated mice.
The potential seen with PF670462 was absent in GW788388-treated mice. These data
suggest that PF670462 has superior ceiling effectiveness in regulating RSV-induced lung
inflammation to dexamethasone or to the global blockade of TGF- signalling by the ALK5
inhibitor, GW788388.

Although infiltration of immune cells plays a crucial role in viral clearance, it also
contributes to tissue damage. Following RSV infection, neutrophils, monocytes, eosinophils
and NK cells were the main peripheral immune cells recruited to the lung (Glaser et al.,
2019). This corroborates our observation that RSV infection markedly increased the
recruitment of neutrophils and lymphocytes in BAL fluid. Dexamethasone treatment
dampened monocytes influx in RSV-infected mice, however, synergy was observed in
alleviation of lymphocytes infiltration in RSV-infected mice treated with dexamethasone

plus PF670462, where neither compound alone had an effect.

On contrary to other recruited immune cells, the neutrophils influx following RSV-
infection was not affected by dexamethasone or any of the other treatments tested.
Similarly, poly 1:C exposure induced neutrophils recruitment that does not respond
adequately to dexamethasone alone or in combination with compounds tested. Given that
the GC-resistant asthma phenotype is considered to be neutrophil-predominant (Chambers
et al., 2015), these findings highlight the potential pathophysiological relevance of RSV
infection through TLR3 activation to the contribution of GC insensitivity in the patients with

severe GC-resistant asthma exacerbations.

Neutrophils are the main cell population in the airways lumen of children suffering

severe RSV bronchiolitis (Everard et al., 1994; McNamara et al., 2003; Kerrin et al., 2017).

164



CHAPTER 5: In vivo responses to RSV and double-stranded RNA

It is not definite yet whether they are detrimental or beneficial in resolving viral infections
(Openshaw et al., 2017; Takamura, 2018). Following RSV infection, neutrophils migrate
across the epithelium. The transepithelial migration was predicted to involve the expression
of intracellular adhesion molecule-1 (ICAM-1) on epithelial cells and its interaction with
CD11a and CD11b on the surface of neutrophils (lijima and Iwasaki, 2014; Bergsbaken et
al., 2017). This may in part explain lack of beneficial effect of dexamethasone on RSV-
induced neutrophils recruitment, where RSV infection augments the expression of ICAM-1
hence facilitate transepithelial migration of neutrophils and such an increase in ICAM-1

expression is irresponsive to dexamethasone treatment.

In line with the changes in inflammatory cell infiltrates, RSV inoculation
significantly provoked the mRNA expression of pro-inflammatory cytokine including TNF-
« and /L-6. Dexamethasone blunted RSV-triggered expression of TNF-a and /L-6 in BAL
cells, whereas it only reduced the expression of /IL-6 but not TNF-& in lung tissue. Co-
administration with PF670462, not GW788388 dampened TNF-a mRNA expression in
lungs of RSV-infected mice suggesting synergistic interaction. On contrary to PF670462
that had shown remarkable anti-inflammatory effect when administered alone, GW788388
did not show similar potential either in BAL cells or lung tissue. Mice receiving intranasal
instillation of poly I:C showed a significant surge in the mRNA expression of pro-
inflammatory cytokines; TNF-a, IL-6 and KC expression that was irresponsive to either
dexamethasone, PF670462 or the combination. Altogether, we have provided a consistent
suite of findings indicating that the CK18/¢ inhibitor, PF670462 was effective either alone
or in combination with dexamethasone in reducing some aspects of lung inflammation
associated with RSV infection in BALB/c mice. This signifies CK18/¢ as a therapeutic target
for effective management of pulmonary inflammation partially controlled by

glucocorticoids.

RSV infection increased the mRNA expression of IFNB, IFNy, IFNA2 and IFNA3 as
measured in lung tissue compared to animals receiving Mock-conditioned media. Such an
increase in INF expression remained unchanged following dexamethasone treatment. This
finding comes in line with the results of McAllister et al. (2019; 2020), who found that
dexamethasone has increased the viral titre in vitro and delayed RSV clearance in mice
despite the pronounced reduction in RSV-driven mucus overproduction. This was
accompanied by a reduction in the expression levels of several immune-response genes
and decreased the in vivo lymphocyte infiltration. However, dexamethasone has not

altered the antiviral interferon signalling. Recent studies suggested that while the

165



CHAPTER 5: In vivo responses to RSV and double-stranded RNA

immunosuppressive activity of dexamethasone has favourably inhibited the RSV-induced
mucus production, it has diminished the immune defence activities against RSV infection
leading to delayed viral clearance (McAllister et al., 2019; 2020). These findings provide

plausible reasoning for the inefficacy of glucocorticoid in RSV-infected patients.

Poly I:C, as mentioned earlier, can be recognized by TLR3 and MDA5 and activates
IRF3- or NF-kB-dependent signalling pathways, resulting in the induction of type | IFN and
proinflammatory cytokines including TNF-a and IL-6. Intranasal exposure to poly I:C had
triggered the expression of antiviral genes including IFN-B, and IFN-A2. Similar to what we
have observed in RSV-infected mice, treatment with dexamethasone did not affect the
upregulation of INF expression, while PF670462 administration markedly augmented poly

[:C mediated upregulation of INF-  expression in both lung tissue and BAL cells.

The cytokine TGF-B is involved in critical cellular processes, such as proliferation,
differentiation and cellular morphogenesis that are involved in main features of tissue
homeostasis including wound healing and immunomodulation. Moreover, TGF- has
crucial roles in inflammation, tissue remodelling and immunity (Lee et al., 2006; Ferrari et
al., 2009). Therefore, blanket inhibition of TGF-B compromises its beneficial pleiotropic
effects leading to serious adverse effects, such as cardiac valve defects and autoimmune
colitis (Anderson et al., 1990; Akhurst and Hata, 2012). For TGF-f modulators to have
acceptable safety profiles, they will need to selectively block TGF-B signalling pathways
linked only to the targeted pathology. Unlike ALK5 inhibitor GW788388 that cause global
TGF-B inhibition, the CK1 &/¢ inhibitor, PF670462 administration has not revealed any
evidence of auto-immune responses in the respiratory tract verified by lack of changes in
the expression of the TGF-B-dependent Treg transcription factor, FoxP3. Thus, we believe
that PF670462; CK18/¢ inhibitor provides a safer adjuvant to glucocorticoids than the ALK5
inhibitor, GW788388.

5.6 Limitations of the study

Although similarities are evident, the critical fact remains that human RSV has no
animal reservoir and has evolved to infect humans as its natural host, not the commonly
used rodent models, which require supraphysiological infection doses of hRSV (Russell et
al., 2017). In addition, the key differences in immune responses to RSV infection between
human and mice. In human, the neutrophilic inflammation has a significant contribution
to RSV pathogenesis where neutrophils comprise up to 85% of BALF count compared to

15 to 20% of cells in mice (McNamara et al., 2013a). The robust and reliable Th1 (IFN-y)
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responses in mice are variable in humans (Dakhama et al., 2005; Borchers et al., 2013).
While eosinophils play an important role in the RSV pathogenesis in human, there is no
evidence for the involvement of these cells in the immune response to RSV in mice
(Borchers et al., 2013; Knudson et al., 2015). The current study was performed in female
mice only while several reports showed that the immune response differ between the

different ovarian cycle phases (Krzych et al., 1978; Schwartz et al., 2004).

Another limitation is that most pathological and immunological parameters were
only examined at one time-point post RSV infection. However, the findings might change
due to variations in the kinetics of virus replication and host response at different time-
points. Notably, in the current study, we only examined the short-term consequences of
RSV infection. It remains a possibility that long-term immune responses, including humoral
and cellular memory responses, are affected in a different manner following RSV infection.
Also, the effects of pharmacological inhibitors weren’t examined on control animals not
exposed to RSV. The absence of a group treated with dexamethasone only has confined
our ability to confirm that poly IC and RSV promote GC resistance in vivo and determine
whether inhibition of TGF-f or CK1 restores or improves GC responsiveness. We
recommend first identifying relevant GC-resistant endpoints (e.g., neutrophilic
inflammation) at a given dose of dexamethasone then determine whether treatment with
the inhibitor of interest (e.g., GW or PF compound) restores/improves the anti-inflammatory
effects of dexamethasone. Since RSV and dsRNA both engage multiple receptor pathways,
the use of TLR3 knockout mice is also crucial before having any solid conclusions about

the role of TLR3 in glucocorticoid resistance in mice and RSV pathogenesis.
5.7 Conclusions from chapter 5

In conclusion, compared to RSV infection, this chapter demonstrated that
challenging BALB/c mice with poly I:C elicits pulmonary pathology analogous to those
triggered by RSV A2 strain. Poly I:C treatment has particularly induced a moderate increase
in lung weight, bronchoalveolar lavage fluid proteins and neutrophils influx in airways
compartments, all of which are evident in mice following RSV infection. These data
suggested that dsSRNA/TLR3 interaction through TLR3 ligand exposure may at least partially
recapitulate the pathophysiological effects of RSV infection in BALB/c mice. When tested
in vivo, the CK1 &/¢ inhibitor, PF670462 has not only proven beneficial in the management
of several aspects of lung injury following RSV infection but also possess anti-viral activity.
Moreover, PF670462 has not induced any auto-immune responses seen with the global

blockade of TGF-B.
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6 General Discussion

6.1 Key findings and their significance
6.1.1 Introduction

Respiratory syncytial virus is among the viruses causing acute lower respiratory
tract infections in children around the world. Around 40% of infants that have been
hospitalized due to severe RSV bronchiolitis usually develop asthma in adulthood (Sigurs
et al., 2010). Decades of research have failed to produce a reliable vaccine to RSV and
treatment with the recombinant monoclonal antibody palivizumab is still of high cost
(Power, 2008). Despite the proven efficacy of glucocorticoids in the management of
chronic inflammatory diseases, this drug class offers no significant benefit for patients with
viral-induced exacerbations of chronic airway inflammatory diseases; including asthma
and COPD (Ermers et al., 2009; Fernandes et al., 2013). In vitro and in vivo studies have
shown that RSV compromises the glucocorticoids therapeutic potential through the viral
interference with GC signalling via mechanisms that remains unclear (Hinzey et al., 2011;
Webster Marketon et al., 2014). Better insight into the mechanisms underlying GC

insensitivity during RSV infection may offer anchor points for new therapeutic strategies.

Airway epithelium regulates the interface with the environment where it maintains
the microbial defence and has well-defined immune-modulatory functions that shape a
proper immune response in the lung. Alterations in airway epithelial functions can
significantly contribute to inflammation in chronic respiratory diseases, including asthma
and COPD (Lambrecht and Hammad, 2012). The airway epithelium is the prime locus for
viral infection and replication and the crucial target for glucocorticoid therapy. Emerging
evidence suggests that TGF-B1 is a potent inducer of GC insensitivity in the airway
epithelium, which prompts the question of whether TGF-B1 is the driving cytokine of RSV-

mediated repression of CGs responsiveness.

This thesis examined the contribution of TGF-B1 in RSV-induced GC resistance in
the airway epithelium and pinpointed which RSV-sensing PRRs is involved in GC
irresponsiveness using in vitro experimental methods. This thesis also focused on
characterizing TLR3 silencing and the CK18/¢ inhibition as a potential modifier of GC
resistance in the epithelium. Finally, the thesis has evaluated the impact of the CK18/¢
inhibitor; PF670462, on airway inflammation in murine models of RSV infection and poly

[:C acute lung injury.
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6.1.2 Evidence that RSV limits GC responsiveness in the human airway epithelium

Glucocorticoids exert their anti-inflammatory effects in the airway epithelium either
by transactivation of genes or through inhibition of pro-inflammatory cytokines release,
including GM-CSF (Keenan et al., 2015). Evidence has also been presented indicating that
GC-mediated gene transactivation was compromised by RSV infection in the BEAS-2B
human bronchial epithelial cell line. Data presented herein has provided the first evidence
that RSV ablates GC-induced transcription of several genes in the BEAS-2B human
bronchial epithelial cell line, consequently limiting anti-inflammatory therapeutic
potential. These findings are significant for a number of reasons. Firstly, through impairment
of GC-transactivation of anti-inflammatory factors, e.g., GILZ, RSV may interfere with the
GC-inhibition of NF-kB-signalling pathways, leading to the release of pro-inflammatory
mediators. Furthermore, RSV limits GC-induction of the mRNA of ENaCa that plays a key
role in luminal sodium reabsorption through the apical membrane of epithelial cells and
hence interfere with airway surface liquid clearance (Song et al., 2009; Kong et al., 2013;
Kaskinen et al., 2020). RSV, also, profoundly represses GC-induction of the CDKNI1C; a
negative regulator of cell cycle that accounts for the anti-proliferative actions of

glucocorticoids (Dapat and Oshitani, 2016).

6.1.3 Evidence that targeting TLR3 can reverse RSV-induced GC resistance in the

bronchial epithelium

The airway epithelium expresses a repertoire of PRRs that directly activate innate
immunity following the recognition of the viral PAMPs. Of these PRRs, RSV can be only
recognised by Toll-like receptors (TLR2/6, TLR3, TLR4 and TLR7) and RNA helicases (RIG-
I and MDA-5) (Kato et al., 2005). Among all the TLRs agonists tested in this thesis, only the
synthetic dsRNA analogue; poly I:C was able to recapitulate the RSV-induced impairment
of GC actions in the epithelium implying that dsSRNA/TLR3 interactions may contribute
significantly to the poor response of epithelium to GC treatment during the course of RSV
infection. TLR3 ablation using the siRNA interference approach was able to restore the
epithelium sensitivity to glucocorticoids medicament. So, we identified TLR3 as a possible
target to circumvent glucocorticoid resistance during RSV infection. Our results add more
therapeutic value to TLR3 antagonism since it has been proved previously that TLR3-
induced inflammatory responses are deleterious to RSV pathogenesis while RSV is
insensitive to the TLR3-induced antiviral responses (Alexopoulou et al., 2001; Kitazawa

and Villena, 2014; Wang et al., 2018).
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Since dsRNA originates from other respiratory viruses, our group tested whether
this finding is expandable to other viral infections. Rhinovirus and Influenza A virus are
among the viruses detected in patients with asthma and COPD exacerbations (Kurai et al.,
2013; Jamieson et al., 2015; Leigh and Proud, 2015). RV infection has been reported to
impair GC transactivation in bronchial and alveolar cells in addition to submerged primary
bronchial epithelial cells (Papi et al., 2013; Rider et al., 2013). Although out of the scope
of this thesis, we have found that TLR3 silencing is able to circumvent the RV-induced

impairment of glucocorticoids actions in bronchial epithelium (Xia et al., 2017).

TLR3 inhibition is achievable through disrupting the contact between the TIR
domain of TLR3 and the viral dsRNA. Cheng et al. have successfully designed a small
molecule; CU CPT 4a, that acts as a high-affinity competitive inhibitor that interferes with
dsRNA binding to TLR3 and hence selectively antagonizes stimulated TLR3 signalling and
repress the downstream production of IL-18, TNF-a and NO in Poly(l:C)-induced
macrophages (Cheng et al., 2011). In the context of this thesis, we have tested the
TLR3/dsRNA complex inhibitor (thiophenecarboxamidopropionic acid, molecular formula
C5H13CIFNO;S) and found that this compound has effectively attenuated the RSV and poly
[:C-mediated repression of GC actions on GC-responsive genes (data not shown). In this
view, the dsRNA/TLR3 pathway may be novel treatment targets of virus-induced

exacerbation of airway inflammatory diseases.

6.1.4 Casein kinase 18/ (CK18/¢) : a novel therapeutic target for effective management

of viral-induced exacerbations of inflammatory respiratory diseases

Data presented in this thesis have provided the first evidence that RSV infection or
poly I:C impairs glucocorticoid activity in airway epithelial cells in a transforming growth
factor-B1 (TGF-B1)-mediated manner. The TGF-§ type | receptor kinase (ALK5) inhibitor;
SB431542 has effectively attenuated TGF-B1 suppression of glucocorticoid-induced
functional endogenous gene expression in RSV-infected bronchial epithelial cells.
Although successful, the ban blockade of TGF-B1 activity by ALK5 inhibitors has limited
or no clinical feasibility. Inhibiting ALK5 is known to induce auto-immune diseases,
increase tumorigenesis (Hahm et al., 2001; Akhurst and Hata, 2012; Oyanagi et al., 2014)
and cause heart valve lesions (Anderton et al., 2011). These possible toxicities and adverse
effects are only acceptable in high-mortality diseases. However, this approach is not

clinically tractable in chronic inflammatory diseases such as asthma and COPD.
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Using hypothesis-free approaches, including proteomics and transcriptomics, our
group have provided the first evidence that CK18/¢is implicated in TGF-B1 signalling
pathway suggesting a promising target for management of inflammatory pulmonary
diseases with TGF-B1 involvement (Li et al., 2019). Elevated levels of CK18 has been
detected in the airway wall of severe asthmatic patients compared to well-controlled
asthmatics and non-asthmatic controls (Waddell et al., 2004; Zhang et al., 2015). We have
shown for the first time that pharmacological inhibition of CK18/e with PF670462 has
inhibited the expression and activity of TGF-B1 and subsequently prevented the GC
impairment provoked by either RSV infection or poly I:C. Additionally, PF670462
significantly subdued RSV-induced expression of pro-inflammatory gene encoding IL-6,
suggesting a potential for additional anti-inflammatory activities for PF670462. This
potential was further confirmed in vivo, where we have provided evidence of an interaction
between PF670462 and Dexamethasone to achieve greater control of the pulmonary

inflammation following RSV infection.

Two more features of PF670462 favour its clinical use for TGF-B modulation. Firstly,
PF670462 is highly selective for CK18/e inhibition compared to the ALK5 inhibitor;
SB431542. The high selectivity of PF670462 avoids compromisation of TGF-8 dependent
regulatory T cells (Tregs) populations. The global TGF-f inhibition results in the loss of
these cell population leading to gut autoimmune colitis (Lachapelle et al., 2018). Secondly,
the high potency of PF670462 allows its delivery by inhalation thus limiting the adverse
effects associated with the systemic administration including the risk of cardiac or gut
autoimmune defects and disruption to central circadian rhythm (Keenan et al., 2018).
Taken together, our findings support the possible use of PF670462 for the prevention and/or
management of GC resistance during RSV infection-triggered bronchiolitis or asthma and
COPD exacerbations. Moreover, the interventions aiming to modulate the activity of
CK18/e for the treatment of respiratory diseases have been patented (Patent No.

WO2016149756A1).
6.2 Future Directions
6.2.1 Further evidence using a better in vitro model of the airway epithelium

In the current thesis, we have employed the immortalized human bronchial
epithelial cell lines. It is a simple model that allows successful investigation of the roles of
the specific targets in the cells. Data obtained from experiments using transient

transfections and siRNAs to knockdown TLR3 in the immortalized BEAS-2B cells suggest
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that TLR3 partly mediates impairment of GC-actions during RSV infection. BEAS-2B cell
line is generated from normal human bronchial epithelial cells and proven to be responsive
to glucocorticoids. However, the limitation of this cell line is that it does not replicate many
of the characteristics of differentiated cells, such as development of beating cilia and mucus
production in vitro. Additionally, since it is derived from a single donor, it does not reflect
the natural biological variation observed between individuals. The different response
patterns seen between cell lines and primary epithelial cells may also be attributed to the
immortalization process, polarization, differentiation or because they originate from

different regions of the bronchial tree.

Accordingly, it is still of paramount importance to verify our findings using a more
physiologically relevant model with ciliated and goblet epithelial cells. Our group had
established that findings in RSV-mediated GC insensitivity were paralleled by similar
observations when the air-liquid interface culture of HBECs was subjected to RSV infection
(Xia et al., 2017). Although, It is acknowledged that mucocilliary-differentiated primary
HBECs are the most relevant in vitro model, there are many disadvantages limiting the
broad use of these cells for research, including their limited life span, high cost of culture,
high inter-individual and inter-passage variability, and difficulty of genetic manipulation
(Stewart et al., 2012). To overcome limited life span of primary HBECs, basal cell
immortalized-nonsmoker 1.1 (BCi-NS1.1) cell line can be used where it retains
characteristics of the original primary cells and maintain a multipotent differentiation
capacity for over 40 passages (Walters et al., 2013). Future experiments should focus on

exploring our findings using BCi-NS1.1 cell line in air-liquid interface settings.

Asthma and COPD have been proved to alter the normal airway epithelium (De
Rose et al., 2018; Gohy et al., 2019; Calvén et al., 2020). This fact prompts the question of
whether findings using primary HBECs derived from healthy donors in air-liquid interface

culture could be extrapolated to asthma and COPD.

Children in their first 2 years of life comprise the major risk group for RSV severe
disease, with a peak in infants approximately 3 months old, after which the incidence
gradually declines with age (Bianchini et al., 2020). This highlights the significance of using

paediatric-derived primary cells to test our hypothesis in more clinically relevant model.
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6.2.2 Further evidence using other gene silencing techniques

Gene silencing using siRNAs are transient (Kim and Eberwine, 2010), and the off-
target and non-specific effects of the siRNAs generally complicate the interpretation of the
results (Persengiev et al., 2004; Jackson and Linsley, 2010). Hence, other gene silencing
techniques, including CRISPR/Cas9 system, should be considered to stably knock out TLR3
in ALI culture of primary HBECs. Finally, given that the airway epithelium is known to be
altered in the asthmatic and COPD lung (Hiemstra et al., 2015), introducing heritable TLR3
deletions via CRISPR/Cas9 system into primary HBECs from asthmatic or COPD donors
and culturing them at air-liquid interface would certainly give us further insights into

physiological and pathophysiological roles of TLR3 in the airway epithelium.
6.2.3 Investigating other cells contributions

In this thesis we focused on the airway epithelium, however, the complex
interaction between the inflammatory, immune, epithelial and other structural cells
essentially underlie the persistent chronic inflammatory response, particularly observed in
asthma and COPD (Barnes, 2008). Glucocorticoids affect almost all cell types in the
airway. For example, Glucocorticoids inhibit the production and release of pro-
inflammatory cytokines from monocytes and macrophages (Valledor and Ricote, 2004).
Furthermore, airway smooth muscle cells are a prominent target of inhaled GCs, which not
only act to inhibit their proliferation and migration (Stewart et al., 1995), but also their
production of cytokines (Hirst and Lee, 1998). Moreover, other cells including neutrophils,
eosinophils, monocytes, and NK cells are recruited to the lung following RSV infection and
contribute to RSV pathogenesis. Our findings, therefore, highlight the need to further
investigate whether the effect of RSV in limiting GC actions, is unique to the airway
epithelial cells or expands to other GC-responsive cell types in the airways. This may be

achieved using either these cell types alone or co-cultured with bronchial epithelial cells.

Since Mice often respond to experimental interventions in ways that differ from
humans (Seok et al., 2013), we strongly believe that the human cell organotypic models
are more definitive and relevant to the human tissue in situ. One of the most recent in vitro
models that recreate both the mechanical and biochemical sides of the in vivo coin is the
lung-on-a-chip (Shrestha et al., 2020). This device represents a 3D model of a living,
breathing human lung on a microchip generated from human lung and blood vessel cells.
The advantage of this model is that it can mimic the inflammatory response triggered by

microbial pathogens as well as predict absorption of airborne nanoparticles.
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6.2.4 In vivo Studies: future directions

The in vivo studies performed herein revealed some intriguing findings suggesting
that PF670462 either alone or through synergistic interaction with dexamethasone
attenuated RSV infection-induced lung inflammation. Hence, we believe that it is of value
to comprehensively investigate this potential in allergen-induced lung inflammation and
allergic responses in the ovalbumin, house dust mite (HDM) or cockroach allergen-induced
asthma models as well as the cigarette smoke exposure model of COPD, with or without
viral exacerbation. Because the function of the airways is closely coupled to its structure,
an altered airway function may reflect alterations in airway structure due to inflammation,
tissue damage, or abnormal tissue remodelling. Thus, airway function is an important
feature to monitor when evaluating the impacts of infection on respiratory health and the

efficacy of therapeutic interventions.

In the in vivo studies presented in the thesis, PF670462 were administered to mice
through intraperitoneal injection. Minimizing the systemic adverse effects of TGF-8
modulation is crucial in PF670462 development. The administration of small molecule
kinase inhibitors CK16/e by inhalation will limit their inevitable off-target effects reported
with the systemic use including disruption to central circadian rhythm (Badura et al., 2007;
Meng et al., 2010). Additionally, the inhalation route will overcome the low oral
bioavailability of PF670462 due to the fast first-pass hepatic metabolism (Wager et al.,
2014). For the above-mentioned reasons, future studies are needed to evaluate the
therapeutic potential of aerosolized PF670462. Moreover, dose-escalation and safety
studies should be performed, and phase 2 clinical trial started, aiming to translate these in
vivo findings into a novel therapeutic for management of virus-induced asthma

exacerbation that respond poorly to steroid.

We identified TLR3 as a possible target to circumvent glucocorticoid resistance
during RSV infection. Our results add more therapeutic value to TLR3 antagonism since it
has been proved previously that TLR3-induced inflammatory responses are deleterious to
RSV pathogenesis while RSV is insensitive to the TLR3-induced antiviral responses
(Alexopoulou et al., 2001; Kitazawa and Villena, 2014; Wang et al., 2018). Future studies
should, therefore, be focused on assessing GC responsiveness in viral-induced
exacerbations od asthma or COPD models using TLR3 knockout mice. These studies may

identify approaches to improve GC activity in RSV-infected patients.
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6.2.5 Human model of experimental RSV Infection

Human experimental infection studies represent the interface between pre-clinical
models and observational studies of patients and thus help mitigate the risks inherent in
progressing to the late-stage trials. The first RSV experimental infection study was done by
Mills et al. (1971) who have challenged healthy males with RSV Long strain. The human
model used in this study allowed studying RSV infection under controlled conditions and
permitted comparison of symptoms, airway physiology, lung function and airway
inflammation (Mills V et al., 1971). Its evolution to include atopic individuals and mild
asthmatic volunteers has increased our understanding of virus-induced exacerbations and
their underlying processes (Hall et al., 1981; McKay et al., 1988; Higgins et al., 1990; Watt
et al,, 1990; Hall et al., 1991a; Lee et al., 2004; DeVincenzo et al., 2010; DeVincenzo et
al., 2014; Kim et al., 2014; DeVincenzo et al., 2015; Habibi et al., 2015). In addition, the
human challenge studies have been instrumental in early proof-of-concept clinical trials to
test the efficacy of candidate RSV vaccines and therapeutics (Habibi et al., 2015). Hence,
we recommend future testing of our findings using healthy or asthmatic volunteers to help
evaluate the therapeutic value of interfering with TLR3 and CK18/¢ activity to circumvent

RSV-induced GC resistance.
6.3 General conclusions

Glucocorticoid insensitivity remains a challenging clinical problem in the
management of viral-induced exacerbation of chronic airway inflammatory diseases. Thus,
it is crucial to unravel the mechanisms underlying the apparent impairment of GC actions
and responsiveness in situ. In this thesis, we demonstrated that RSV infection ablates certain
actions of glucocorticoids in the airway epithelium contributing to glucocorticoid
insensitivity. The observed GC insensitivity may occur partly through TLR3 activation with
subsequent release of TGF-f1, a potent mediator of glucocorticoid resistance in the airway
epithelium. We also implicated CK18/e in the apparent resistance. In conclusion, the
findings presented in this thesis have provided anchor points for novel therapeutic
strategies to restore GC sensitivity during RSV infection-induced bronchiolitis or
exacerbations of chronic airway inflammatory diseases, including asthma and COPD

(Figure 6.1).
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Figure 6.1 | The summary of thesis findings.

Viral PAMPs, most importantly dsRNA, activate TLR3 that in turn signals via the ERK1/2-
dependent pathway to promote TGF-B activity in airway epithelium. Interrupting
dsRNA/TLR3 interaction or inhibition of Casein kinase 18/¢ (CK18/¢) are plausible novel
therapeutics to reverse GC insensitivity induced by viral infection.

177



REFERENCES




REFERENCES

7 References

ABE, Y., FUJII, K., NAGATA, N., TAKEUCHI, O., AKIRA, S., OSHIUMI, H., MATSUMOTO,
M., SEYA, T., and KOIKE, S. (2012). The Toll-Like Receptor 3-Mediated Antiviral
Response Is Important for Protection against Poliovirus Infection in Poliovirus
Receptor Transgenic Mice. Journal of Virology 86, 185.

ABSTON, E.D., CORONADO, M.J., BUCEK, A., BEDJA, D., SHIN, J., KIM, J.B., KIM, E.,
GABRIELSON, K.L., GEORGAKOPOULOS, D., MITZNER, W., and
FAIRWEATHER, D. (2012). Th2 Regulation of Viral Myocarditis in Mice: Different
Roles for TLR3 versus TRIF in Progression to Chronic Disease. Clinical and
Developmental Immunology 2012, 12.

ADCOCK, 1., and LANE, S. (2003). Corticosteroid-insensitive asthma: molecular
mechanisms. Journal of Endocrinology 178, 347-355.

ADCOCK, I.M., LANE, S.J., BROWN, C.R., LEE, T.H., and BARNES, P.J. (1995). Abnormal
glucocorticoid receptor-activator protein 1 interaction in steroid-resistant asthma. /
Exp Med 182, 1951-1958.

AEFFNER, F., TRAYLOR, Z.P., YU, E.N.Z., and DAVIS, I.C. (2011). Double-stranded RNA
induces similar pulmonary dysfunction to respiratory syncytial virus in BALB/c
mice. American Journal of Physiology-Lung Cellular and Molecular Physiology 301,
L99-L109.

AHERNE, W., BIRD, T., COURT, S.D., GARDNER, P.S., and MCQUILLIN, J. (1970).
Pathological changes in virus infections of the lower respiratory tract in children.
Journal of Clinical Pathology 23, 7-18.

AHMAD, H., GUBBELS, R., EHLERS, E., MEYER, F., WATERBURY, T., LIN, R., and
ZHANG, L. (2011). Kaposi Sarcoma-associated Herpesvirus Degrades Cellular Toll-
Interleukin-1 Receptor Domain-containing Adaptor-inducing B-Interferon (TRIF).
Journal of Biological Chemistry 286, 7865-7872.

AKHURST, R.J., and HATA, A. (2012). Targeting the TGFp signalling pathway in disease.
Nature reviews. Drug discovery 11, 790-811.

AKIRA, S., TAKEDA, K., and KAISHO, T. (2001). Toll-like receptors: critical proteins linking
innate and acquired immunity. Nature Immunology 2, 675-680.

AL-ALAWI, M., HASSAN, T., and CHOTIRMALL, S.H. (2014). Transforming growth factor
&#x3b2; and severe asthma: A perfect storm. Respiratory Medicine 108, 1409-
1423.

ALANGARI, A.A. (2014). Corticosteroids in the treatment of acute asthma. Annals of
thoracic medicine 9, 187-192.

ALEXOPOULOU, L., HOLT, A.C., MEDZHITOV, R., and FLAVELL, R.A. (2001).
Recognition of double-stranded RNA and activation of NF-kB by Toll-like receptor
3. Nature 413, 732-738.

ALLANDER, T., JARTTI, T., GUPTA, S., NIESTERS, H.G.M., LEHTINEN, P., OSTERBACK,
R., VUORINEN, T., WARIS, M., BJERKNER, A., TIVELJUNG-LINDELL, A., VAN
DEN HOOGEN, B.G., HYYPIA, T., and RUUSKANEN, O. (2007). Human
bocavirus and acute wheezing in children. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America 44, 904-910.

ALTAMIRANO-LAGOS, M.J., DIAZ, F.E., MANSILLA, M.A., RIVERA-PEREZ, D., SOTO, D.,
MCGILL, J.L., VASQUEZ, A.E.,, and KALERGIS, A.M. (2019). Current Animal
Models for Understanding the Pathology Caused by the Respiratory Syncytial Virus.
Frontiers in Microbiology 10.

ANDERSON, J.J., NORDEN, J., SAUNDERS, D., TOMS, G.L.,, and SCOTT, R. (1990).
Analysis of the local and systemic immune responses induced in BALB/c mice by

179



REFERENCES

experimental respiratory syncytial virus infection. Journal of General Virology 71,
1561-1570.

ANDERTON, M.J., MELLOR, H.R., BELL, A., SADLER, C., PASS, M., POWELL, S., STEELE,
S.J., ROBERTS, R.R.A., and HEIER, A. (2011). Induction of Heart Valve Lesions by
Small-Molecule ALK5 Inhibitors. Toxicologic Pathology 39, 916-924.

ANH, D.BT., FAISCA, P., and DESMECHT, DJM. (2006). Differential
resistance/susceptibility patterns to pneumovirus infection among inbred mouse
strains. American Journal of Physiology-Lung Cellular and Molecular Physiology
291, L426-L435.

ARNOLD, R., HUMBERT, B., WERCHAU, H., GALLATI, H., and KONIG, W. (1994).
Interleukin-8, interleukin-6, and soluble tumour necrosis factor receptor type |
release from a human pulmonary epithelial cell line (A549) exposed to respiratory
syncytial virus. Immunology 82, 126-133.

ARNOLD, R., and KONIG, W. (2006). Peroxisome proliferator-activated receptor-y
agonists inhibit the replication of respiratory syncytial virus (RSV) in human lung
epithelial cells. Virology 350, 335-346.

ASCHNER, Y., and DOWNEY, G.P. (2016). Transforming Growth Factor-B: Master
Regulator of the Respiratory System in Health and Disease. American journal of
respiratory cell and molecular biology 54, 647-655.

ATREYA, P.L., and KULKARNI, S. (1999). Respiratory Syncytial Virus Strain A2 Is Resistant
to the Antiviral Effects of Type | Interferons and Human MxA. Virology 261, 227-
241.

AUSAR, S.F., REXROAD, J., FROLOV, V.G., LOOK, J.L., KONAR, N., and MIDDAUGH,
C.R. (2005). Analysis of the thermal and pH stability of human respiratory syncytial
virus. Mol Pharm 2, 491-499.

AYROLDI, E., CANNARILE, L., MIGLIORATI, G., NOCENTINI, G., DELFINO, D.V., and
RICCARDI, C. (2012). Mechanisms of the anti-inflammatory effects of
glucocorticoids: genomic and nongenomic interference with MAPK signalling
pathways. The FASEB Journal 26, 4805-4820.

BADOVINAC, V.P., PORTER, B.B., and HARTY, J.T. (2004). CD8+ T cell contraction is
controlled by early inflammation. Nature Immunology 5, 809-817.

BADURA, L., SWANSON, T., ADAMOWICZ, W., ADAMS, J., CIANFROGNA, ., FISHER,
K., HOLLAND, J., KLEIMAN, R., NELSON, F., REYNOLDS, L., ST. GERMAIN, K.,
SCHAEFFER, E., TATE, B., and SPROUSE, J. (2007). An Inhibitor of Casein Kinase
le Induces Phase Delays in Circadian Rhythms under Free-Running and Entrained
Conditions. Journal of Pharmacology and Experimental Therapeutics 322, 730.

BAI, T.R., VONK, J.M., POSTMA, D.S., and BOEZEN, H.M. (2007). Severe exacerbations
predict excess lung function decline in asthma. European Respiratory Journal 30,
452.

BAKRE, A., WU, W., HISCOJX, J., SPANN, K., TENG, M.N., and TRIPP, R.A. (2015). Human
respiratory syncytial virus non-structural protein NS1 modifies miR-24 expression
via transforming growth factor-beta. / Gen Virol 96, 3179-3191.

BALLESTER, B., MILARA, J., and CORTIJO, J. (2021). The role of mucin 1 in respiratory
diseases. Furopean Respiratory Review 30, 200149.

BALZAR, S., CHU, H.W., SILKOFF, P., CUNDALL, M., TRUDEAU, J.B., STRAND, M., and
WENZEL, S. (2005). Increased TGF-beta2 in severe asthma with eosinophilia.
Journal of Allergy and Clinical Immunology 115, 110-117.

BANOS-LARA MDEL, R., PIAO, B., and GUERRERO-PLATA, A. (2015). Differential mucin
expression by respiratory syncytial virus and human metapneumovirus infection in
human epithelial cells. Mediators Inflamm 2015, 347292.

BARKHASH, A.V., VOEVODA, M.l., and ROMASCHENKO, A.G. (2013). Association of
single nucleotide polymorphism rs3775291 in the coding region of the TLR3 gene

180



REFERENCES

with predisposition to tick-borne encephalitis in a Russian population. Antiviral
Research 99, 136-138.

BARNES, P.J. (2006). How corticosteroids control inflammation: Quintiles Prize Lecture
2005. Br ] Pharmacol 148, 245-254.

BARNES, P.J. (2008). The cytokine network in asthma and chronic obstructive pulmonary
disease. The Journal of Clinical Investigation 118, 3546-3556.

BARNES, P.J. (2010). Mechanisms and resistance in glucocorticoid control of
inflammation. / Steroid Biochem Mol Biol 120, 76-85.

BARNES, P.J., and ADCOCK, .M. (2009). Glucocorticoid resistance in inflammatory
diseases. Lancet 373, 1905-1917.

BATTLES, M.B., and MCLELLAN, J.S. (2019). Respiratory syncytial virus entry and how to
block it. Nature Reviews Microbiology 17, 233-245.

BEDARD, K., and KRAUSE, K.H. (2007). The NOX family of ROS-generating NADPH
oxidases: physiology and pathophysiology. Physiol Rev 87, 245-313.

BELSHE, R.B., RICHARDSON, L.S., LONDON, W.T., SLY, D.L., LORFELD, J.H.,
CAMARGO, E., PREVAR, D.A., and CHANOCK, R.M. (1977). Experimental
respiratory syncytial virus infection of four species of primates. | Med Virol 1, 157-
162.

BEM, R.A,, DOMACHOWSKE, J.B., and ROSENBERG, H.F. (2011). Animal models of
human respiratory syncytial virus disease. American Journal of Physiology-Lung
Cellular and Molecular Physiology 301, L148-L156.

BERGERON, C., FUKAKUSA, M., OLIVENSTEIN, R., LEMIERE, C., SHANNON, J., ERNST,
P., MARTIN, J.G., and HAMID, Q. (2006). Increased glucocorticoid receptor-beta
expression, but not decreased histone deacetylase 2, in severe asthma. / Allergy
Clin Immunol 117, 703-705.

BERGSBAKEN, T., BEVAN, M.J., and FINK, P.J. (2017). Local Inflammatory Cues Regulate
Differentiation and Persistence of CD8(+) Tissue-Resident Memory T Cells. Cell
reports 19, 114-124.

BERMEJO-MARTIN, J.F., GARCIA-AREVALO, M.C., DE LEJARAZU, R.O., ARDURA, J.,
EIROS, J.M., ALONSO, A., MATIAS, V., PINO, M., BERNARDO, D., and ARRANZ,
E. (2007). Predominance of Th2 cytokines, CXC chemokines and innate immunity
mediators at the mucosal level during severe respiratory syncytial virus infection in
children. European Cytokine Network 18, 162-167.

BHANDARE, R., DAMERA, G., BANERJEE, A., FLAMMER, J.R., KESLACY, S., ROGATSKY,
[., PANETTIERI, R.A., AMRANI, Y., and TLIBA, O. (2010). Glucocorticoid receptor
interacting protein-1 restores glucocorticoid responsiveness in steroid-resistant
airway structural cells. Am J Respir Cell Mol Biol 42, 9-15.

BIANCHINI, S., SILVESTRI, E., ARGENTIERO, A., FAINARDI, V., PISI, G., and ESPOSITO,
S. (2020). Role of Respiratory Syncytial Virus in Pediatric Pneumonia.
Microorganisms 8.

BLASIUS, A.L., and BEUTLER, B. (2010). Intracellular Toll-like Receptors. Immunity 32,
305-315.

BOARDMAN, C., CHACHI, L., GAVRILA, A., KEENAN, C.R., PERRY, M.M., XIA, Y.C,,
MEURS, H., and SHARMA, P. (2014). Mechanisms of glucocorticoid action and
insensitivity in airways disease. Pulm Pharmacol Ther 29, 129-143.

BOELEN, A., ANDEWEG, A., KWAKKEL, J., LOKHORST, W., BESTEBROER, T.,
DORMANS, J., and KIMMAN, T. (2000). Both immunisation with a formalin-
inactivated respiratory syncytial virus (RSV) vaccine and a mock antigen vaccine
induce severe lung pathology and a Th2 cytokine profile in RSV-challenged mice.
Vaccine 19, 982-991.

181



REFERENCES

BOERS, J.E., AMBERGEN, A.W., and THUNNISSEN, F.B. (1998). Number and proliferation
of basal and parabasal cells in normal human airway epithelium. Am J Respir Crit
Care Med 157, 2000-2006.

BOLGER, G., LAPEYRE, N., DANSEREAU, N., LAGACE, L., BERRY, G., KLOSOWSKI, K.,
MEWHORT, T., and LIUZZI, M. (2005). Primary infection of mice with high titer
inoculum respiratory syncytial virus: characterization and response to antiviral
therapy. Canadian Journal of Physiology and Pharmacology 83, 198-213.

BONACCI, J.V., HARRIS, T., WILSON, J.W., and STEWART, A.G. (2003). Collagen-
induced resistance to glucocorticoid anti-mitogenic actions: a potential explanation
of smooth muscle hyperplasia in the asthmatic remodelled airway. Br / Pharmacol
138, 1203-1206.

BONACCI, J.V., SCHULIGA, M., HARRIS, T., and STEWART, A.G. (2006). Collagen
impairs glucocorticoid actions in airway smooth muscle through integrin signalling.
Br J Pharmacol 149, 365-373.

BONVILLE, C.A., BENNETT, N.J., KOEHNLEIN, M. HAINES, D.M., ELLIS, J.A.,
DELVECCHIO, A.M., ROSENBERG, H.F.,, and DOMACHOWSKE, ].B. (2006).
Respiratory dysfunction and proinflammatory chemokines in the pneumonia virus
of mice (PVM) model of viral bronchiolitis. Virology 349, 87-95.

BONVILLE, C.A., BENNETT, N.J., PERCOPO, C.M., BRANIGAN, PJ., DEL VECCHIO,
A.M., ROSENBERG, H.F., and DOMACHOWSKE, J.B. (2007). Diminished
inflammatory responses to natural pneumovirus infection among older mice.
Virology 368, 182-190.

BONVILLE, C.A., MEHTA, P.A., KRILOV, L.R., ROSENBERG, H.F., and DOMACHOWSKE,
J.B. (2001). Epithelial Cells Infected with Respiratory Syncytial Virus Are Resistant
to the Anti-inflammatory Effects of Hydrocortisone. Cellular Inmunology 213, 134-
140.

BONVILLE, C.A., PTASCHINSKI, C., PERCOPO, C.M., ROSENBERG, H.F., and
DOMACHOWSKE, J.B. (2010). Inflammatory responses to acute pneumovirus
infection in neonatal mice. Virology Journal 7, 320.

BORCHERS, A.T., CHANG, C., GERSHWIN, M.E.,, and GERSHWIN, L.J. (2013).
Respiratory Syncytial Virus—A Comprehensive Review. Clinical Reviews in Allergy
& Immunology 45, 331-379.

BOSIS, S., ESPOSITO, S., NIESTERS, H.G.M., ZUCCOTTI, G.V., MARSEGLIA, G., LANARI,
M., ZUIN, G., PELUCCHI, C., OSTERHAUS, A.D.M.E., and PRINCIPI, N. (2008).
Role of respiratory pathogens in infants hospitalized for a first episode of wheezing
and their impact on recurrences. Clinical Microbiology and Infection 14, 677-684.

BOSSE, Y., and ROLA-PLESZCZYNSKI, M. (2007). Controversy surrounding the increased
expression of TGF beta 1 in asthma. Respiratory research 8, 66-66.

BOTTOMS, S.E.,, HOWELL, J.E., REINHARDT, A.K., EVANS, I.C., and MCANULTY, R.J.
(2010). Tgf-Beta isoform specific regulation of airway inflammation and
remodelling in a murine model of asthma. PloS one 5, €9674-e9674.

BOXALL, C., DUDLEY, S., BEEGAN, R., TEAR, V., HREBIEN, S., LUNN, K., and MONK, P.
(2013). Effect of inhaled SNG0O01 (interferon-beta 1a) on sputum and blood antiviral
biomarkers following a respiratory virus infection in asthmatic subjects. European
Respiratory Journal 42, P4369.

BOXALL, C., HOLGATE, S.T., and DAVIES, D.E. (2006). The contribution of transforming
growth factor-beta and epidermal growth factor signalling to airway remodelling in
chronic asthma. Eur Respir | 27, 208-229.

BOYAPALLE, S., WONG, T. GARAY, J., TENG, M., SAN JUAN-VERGARA, H.,
MOHAPATRA, S., and MOHAPATRA, S. (2012). Respiratory Syncytial Virus NST
Protein Colocalizes with Mitochondrial Antiviral Signalling Protein  MAVS
following Infection. PLOS ONE 7, €29386.

182



REFERENCES

BOYOGLU-BARNUM, S., GASTON, K.A., TODD, S.0., BOYOGLU, C., CHIRKOVA, T.,
BARNUM, T.R., JORQUERA, P., HAYNES, L.M., TRIPP, R.A., MOORE, M.L., and
ANDERSON, L.J. (2013). A respiratory syncytial virus (RSV) anti-G protein F(ab')2
monoclonal antibody suppresses mucous production and breathing effort in RSV
rA2-line19F-infected BALB/c mice. J Virol 87, 10955-10967.

BRADFORD, M.M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72, 248-254.

BRAMLEY, A.M., KHAN, M.A., MANSON, H.E., and HEGELE, R.G. (2003). Development
of respiratory syncytial virus "bronchiolitis" in guinea pigs does not reflect an
allergic predisposition in the host. Chest 124, 671-681.

BRAND, H.K., AHOUT, I.M.L., DE RIDDER, D., VAN DIEPEN, A., LI, Y., ZAALBERG, M.,
ANDEWEG, A., ROELEVELD, N., DE GROOT, R., WARRIS, A., HERMANS,
P.W.M., FERWERDA, G., and STAAL, F.J.T. (2015). Olfactomedin 4 Serves as a
Marker for Disease Severity in Pediatric Respiratory Syncytial Virus (RSV) Infection.
PloS one 10, e0131927-e0131927.

BRANDENBURG, A.H., KLEINJAN, A., VAN HET LAND, B., MOLL, H.A., TIMMERMAN,
H.H., DE SWART, R.L., NEJENS, H.J., FOKKENS, W., and OSTERHAUS, A.D.M.E.
(2000). Type 1-like immune response is found in children with respiratory syncytial
virus infection regardless of clinical severity. Journal of Medical Virology 62, 267-
277.

BRASIER, A.R., SPRATT, H., WU, Z.,, BOLDOGH, |., ZHANG, Y., GAROFALO, R.P.,
CASOLA, A., PASHMI, J., HAAG, A., LUXON, B., and KUROSKY, A. (2004).
Nuclear heat shock response and novel nuclear domain 10 reorganization in
respiratory syncytial virus-infected a549 cells identified by high-resolution two-
dimensional gel electrophoresis. / Virol 78, 11461-11476.

BROERING, R., MONTAG, M., JIANG, M., LU, M., SOWA, J.-P., KLEINEHR, K., GERKEN,
G., and SCHLAAK, J.F. (2011). Corticosteroids shift the Toll-like receptor response
pattern of primary-isolated murine liver cells from an inflammatory to an anti-
inflammatory state. International Immunology 23, 537-544.

BRONSTEIN, I., FORTIN, J., STANLEY, P.E., STEWART, G.S., and KRICKA, L.J. (1994).
Chemiluminescent and bioluminescent reporter gene assays. Anal Biochem 219,
169-181.

BUCKINGHAM, S.C., JAFRI, H.S., BUSH, A.J., CARUBELLI, C.M., SHEERAN, P., HARDY,
R.D., OTTOLINI, M.G., RAMILO, O., and DEVINCENZO, J.P. (2002). A
Randomized, Double-Blind, Placebo-Controlled Trial of Dexamethasone in Severe
Respiratory Syncytial Virus (RSV) Infection: Effects on RSV Quantity and Clinical
Outcome. Journal of Infectious Diseases 185, 1222-1228.

BUSSE, W., CORREN, J., LANIER, B.Q., MCALARY, M., FOWLER-TAYLOR, A., CIOPPA,
G.D., VAN AS, A., and GUPTA, N. (2001). Omalizumab, anti-IgE recombinant
humanized monoclonal antibody, for the treatment of severe allergic asthma. /
Allergy Clin Immunol 108, 184-190.

BUSTAMANTE-MARIN, X.M., and OSTROWSKI, L.E. (2017). Cilia and Mucociliary
Clearance. Cold Spring Harbor perspectives in biology 9, a028241.

BUTTE, A.)., DZAU, V.., and GLUECK, S.B. (2001). Further defining housekeeping, or
“maintenance,” genes Focus on “A compendium of gene expression in normal
human tissues”. Physiological Genomics 7, 95-96.

CAKEBREAD, J.A., XU, Y., GRAINGE, C., KEHAGIA, V., HOWARTH, P.H., HOLGATE,
S.T., and DAVIES, D.E. (2011). Exogenous IFN-B has antiviral and anti-
inflammatory properties in primary bronchial epithelial cells from asthmatic
subjects exposed to rhinovirus. Journal of Allergy and Clinical Immunology 127,
1148-1154.e1149.

183



REFERENCES

CAKMAK, S., DALES, R.E., and COATES, F. (2012). Does air pollution increase the effect
of aeroallergens on hospitalization for asthma? Journal of Allergy and Clinical
Immunology 129, 228-231.

CAKMAK, S., DALES, R.E., JUDEK, S., and COATES, F. (2005). Does Socio-demographic
Status Influence the Effect of Pollens and Molds on Hospitalization for Asthma?
Results from a Time-series Study in 10 Canadian Cities. Annals of Epidemiology 15,
214-218.

CALVEN, J., AX, E., and RADINGER, M. (2020). The Airway Epithelium—A Central Player
in Asthma Pathogenesis. International Journal of Molecular Sciences 21.

CALVERLEY, P.M., RABE, K.F., GOEHRING, U.M., KRISTIANSEN, S., FABBRI, L.M., and
MARTINEZ, F.J. (2009). Roflumilast in symptomatic chronic obstructive pulmonary
disease: two randomised clinical trials. Lancet 374, 685-694.

CARAMORI, G., ITO, K., CONTOLI, M., DI STEFANO, A., JOHNSTON, S.L., ADCOCK,
[.M., and PAPI, A. (2006). Molecular mechanisms of respiratory virus-induced
asthma and COPD exacerbations and pneumonia. Current Medicinal Chemistry 13,
2267-2290.

CARPENTER, L.R., MOY, J.N., and ROEBUCK, K.A. (2002). Respiratory syncytial virus and
TNFa induction of chemokine gene expression involves differential activation of
Rel A and NF- kB1. BMC Infect Dis 2, 5.

CARRENO, LJ., BUENO, S.M., BULL, P., NATHENSON, S.G., and KALERGIS, A.M.
(2007). The half-life of the T-cell receptor/peptide-major histocompatibility
complex interaction can modulate T-cell activation in response to bacterial
challenge. Immunology 121, 227-237.

CARTY, M., and BOWIE, A.G. (2010). Recent insights into the role of Toll-like receptors in
viral infection. Clinical and experimental immunology 161, 397-406.

CASANOVA, V., SOUSA, F.H., STEVENS, C., and BARLOW, P.G. (2018). Antiviral
therapeutic approaches for human rhinovirus infections. Future virology 13, 505-
518.

CASTEL, S.E., and MARTIENSSEN, R.A. (2013). RNA interference in the nucleus: roles for
small RNAs in transcription, epigenetics and beyond. Nature Reviews Genetics 14,
100-112.

CASTRO, M., ZANGRILLI, J., WECHSLER, M.E., BATEMAN, E.D., BRUSSELLE, G.G.,
BARDIN, P., MURPHY, K., MASPERO, J.F., O'BRIEN, C., and KORN, S. (2015).
Reslizumab for inadequately controlled asthma with elevated blood eosinophil
counts: results from two multicentre, parallel, double-blind, randomised, placebo-
controlled, phase 3 trials. Lancet Respir Med.

CAVASSANI, KA., ISHII, M., WEN, H., SCHALLER, M.A., LINCOLN, P.M., LUKACS,
N.W., HOGABOAM, C.M., and KUNKEL, S.L. (2008). TLR3 is an endogenous
sensor of tissue necrosis during acute inflammatory events. The Journal of
experimental medicine 205, 2609-2621.

CHAKIR, J., SHANNON, J., MOLET, S., FUKAKUSA, M., ELIAS, )., LAVIOLETTE, M.,
BOULET, L.P., and HAMID, Q. (2003). Airway remodeling-associated mediators in
moderate to severe asthma: effect of steroids on TGF-beta, IL-11, IL-17, and type |
and type llI collagen expression. J Allergy Clin Immunol 111, 1293-1298.

CHAMBERS, E.S., NANZER, A.M., PFEFFER, P.E., RICHARDS, D.F. TIMMS, P.M.,
MARTINEAU, A.R., GRIFFITHS, C.J., CORRIGAN, C.J., and HAWRYLOWICZ,
C.M. (2015). Distinct endotypes of steroid-resistant asthma characterized by IL-
17A(high) and IFN-y(high) immunophenotypes: Potential benefits of calcitriol. The
Journal of Allergy and Clinical Immunology 136, 628-637.€624.

CHAN, K.F., CAROLAN, L.A., DRUCE, J., CHAPPELL, K., WATTERSON, D., YOUNG, P.,
KORENKOV, D., SUBBARAO, K., BARR, I.G., LAURIE, K.L., and READING, P.C.
(2018). Pathogenesis, Humoral Immune Responses, and Transmission between

184



REFERENCES

Cohoused Animals in a Ferret Model of Human Respiratory Syncytial Virus
Infection. J Virol 92.

CHANG, P.J., MICHAELOUDES, C., ZHU, J., SHAIKH, N., BAKER, J., CHUNG, K.F., and
BHAVSAR, P.K. (2015). Impaired nuclear translocation of the glucocorticoid
receptor in corticosteroid-insensitive airway smooth muscle in severe asthma. Am
J Respir Crit Care Med 191, 54-62.

CHAUHAN, S.C., KUMAR, D., and JAGGI, M. (2009). Mucins in ovarian cancer diagnosis
and therapy. Journal of Ovarian Research 2, 21.

CHEN, G., SHAW, M.H., KIM, Y.-G., and NUNEZ, G. (2009). NOD-Like Receptors: Role
in Innate Immunity and Inflammatory Disease. Annual Review of Pathology:
Mechanisms of Disease 4, 365-398.

CHEN, Y., THAI, P.,, ZHAO, Y.H., HO, Y.S., DESOUZA, M.M., and WU, R. (2003).
Stimulation of airway mucin gene expression by interleukin (IL)-17 through IL-6
paracrine/autocrine loop. / Biol Chem 278, 17036-17043.

CHENG, K., WANG, X., and YIN, H. (2011). Small-molecule inhibitors of the TLR3/dsRNA
complex. Journal of the American Chemical Society 133, 3764-3767.

CHO, H.Y., IMANI, F., MILLER-DEGRAFF, L., WALTERS, D. MELENDI, G.A.,
YAMAMOTO, M., POLACK, F.P., and KLEEBERGER, S.R. (2009). Antiviral activity
of Nrf2 in a murine model of respiratory syncytial virus disease. Am J Respir Crit
Care Med 179, 138-150.

CHOUDHARY, C., KUMAR, C., GNAD, F., NIELSEN, M.L., REHMAN, M., WALTHER,
T.C., OLSEN, J.V., and MANN, M. (2009). Lysine acetylation targets protein
complexes and co-regulates major cellular functions. Science 325, 834-840.

CHOW, J., FRANZ, K.M., and KAGAN, J.C. (2015). PRRs are watching you: Localization
of innate sensing and signalling regulators. Virology 479-480, 104-109.

CHRISTENSEN, A., KESTI, O., ELENIUS, V., ESKOLA, A.L., DOLLNER, H.,
ALTUNBULAKLI, C., AKDIS, C.A., SODERLUND-VENERMO, M., and JARTTI, T.
(2019). Human bocaviruses and paediatric infections. Lancet Child Adolesc Health
3, 418-426.

CHRISTODOULOPOULQS, P., LEUNG, D.Y., ELLIOTT, M.W., HOGG, J.C., MURO, S.,
TODA, M., LABERGE, S., and HAMID, Q.A. (2000). Increased number of
glucocorticoid receptor-beta-expressing cells in the airways in fatal asthma. /
Allergy Clin Immunol 106, 479-484.

CHU, H.W., RIOS, C., HUANG, C., WESOLOWSKA-ANDERSEN, A., BURCHARD, E.G.,
O'CONNOR, B.P., FINGERLIN, T.E., NICHOLS, D., REYNOLDS, S.D., and
SEIBOLD, M.A. (2015). CRISPR-Cas9-mediated gene knockout in primary human
airway epithelial cells reveals a proinflammatory role for MUC18. Gene therapy
22,822-829.

CHUNG, J.-Y., HAN, T.H., KIM, S.W., KIM, C.K., and HWANG, E.-S. (2007). Detection of
viruses identified recently in children with acute wheezing. Journal of medical
virology 79, 1238-1243.

CHUNG, K.F. (2011). p38 mitogen-activated protein kinase pathways in asthma and
COPD. Chest 139, 1470-1479.

CHUNG, K.F., WENZEL, S.E., BROZEK, J.L., BUSH, A., CASTRO, M., STERK, P..,
ADCOCK, .M., BATEMAN, E.D., BEL, E.H., BLEECKER, E.R., BOULET, L.P,,
BRIGHTLING, C., CHANEZ, P., DAHLEN, S.E., DJUKANOVIC, R., FREY, U.,
GAGA, M., GIBSON, P., HAMID, Q., JAJOUR, N.N., MAUAD, T., SORKNESS,
R.L., and TEAGUE, W.G. (2014). International ERS/ATS guidelines on definition,
evaluation and treatment of severe asthma. Eur Respir | 43, 343-373.

CIENCEWICKI, J.M., BRIGHTON, L.E., and JASPERS, I. (2009). Localization of Type |
Interferon Receptor Limits Interferon-Induced TLR3 in Epithelial Cells. Journal of
Interferon & Cytokine Research 29, 289-297.

185



REFERENCES

CLARK, A.R., and BELVISI, M.G. (2012). Maps and legends: The quest for dissociated
ligands of the glucocorticoid receptor. Pharmacol Ther 134, 54-67.

CLOUGHERTY, J.E. (2010). A growing role for gender analysis in air pollution
epidemiology. Environmental health perspectives 118, 167-176.

COLLINS, P.L., HANCOCK, R.M., and MURPHY, B.R. (2001). "Respiratory syncytial virus,"
in Fields virology, eds. D.M. Knknapend & P.M. Hohoweyed. 4th ed. ed
(Philadelphia, Pa.: Lippincott Williams and Wilkins), 1433-1485.

CONNORS, M., GIESE, N.A., KULKARNI, A.B., FIRESTONE, C.Y., MORSE, H.C., 3RD, and
MURPHY, B.R. (1994). Enhanced pulmonary histopathology induced by respiratory
syncytial virus (RSV) challenge of formalin-inactivated RSV-immunized BALB/c
mice is abrogated by depletion of interleukin-4 (IL-4) and IL-10. Journal of virology
68, 5321-5325.

CORMIER, S.A., YOU, D., and HONNEGOWDA, S. (2010). The use of a neonatal mouse
model to study respiratory syncytial virus infections. Expert review of anti-infective
therapy 8, 1371-1380.

CORREN, J., LEMANSKE, R.F., HANANIA, N.A., KORENBLAT, P.E., PARSEY, M.V.,
ARRON, J.R., HARRIS, J.M., SCHEERENS, H., WU, L.C., SU, Z., MOSESOVA, S.,
EISNER, M.D., BOHEN, S.P., and MATTHEWS, J.G. (2011). Lebrikizumab
treatment in adults with asthma. N Engl | Med 365, 1088-1098.

CULLEN, B.R., and MALIM, M.H. (1992). Secreted placental alkaline phosphatase as a
eukaryotic reporter gene. Methods Enzymol 216, 362-368.

CULLEN, L.M., BLANCO, J.C.G., and MORRISON, T.G. (2015). Cotton rat immune
responses to virus-like particles containing the pre-fusion form of respiratory
syncytial virus fusion protein. Journal of Translational Medicine 13, 350.

DAFFIS, S., SAMUEL, M.A., SUTHAR, M.S., GALE, M., and DIAMOND, M.S. (2008). Toll-
Like Receptor 3 Has a Protective Role against West Nile Virus Infection. Journal of
Virology 82, 10349.

DAKHAMA, A., LEE, Y.M., and GELFAND, E.W. (2005). Virus-Induced Airway
Dysfunction: Pathogenesis and Biomechanisms. The Pediatric Infectious Disease
Journal 24, S159-5169.

DAKHAMA, A., VITALIS, T.Z., and HEGELE, R.G. (1997). Persistence of respiratory
syncytial virus (RSV) infection and development of RSV-specific IgG1 response in
a guinea-pig model of acute bronchiolitis. Eur Respir ] 10, 20-26.

DAPAT, C., and OSHITANI, H. (2016). Novel insights into human respiratory syncytial
virus-host factor interactions through integrated proteomics and transcriptomics
analysis. Expert Review of Anti-infective Therapy 14, 285-297.

DAS, S., PALMER, O.P., LEIGHT, W.D., SUROWITZ, J.B., PICKLES, R.J., RANDELL, S.H.,
and BUCHMAN, C.A. (2005). Cytokine Amplification by Respiratory Syncytial
Virus Infection in Human Nasal Epithelial Cells. The Laryngoscope 115, 764-768.

DAULETBAEV, N., CAMMISANO, M., HERSCOVITCH, K., and LANDS, L.C. (2015).
Stimulation of the RIG-I/MAVS Pathway by Polyinosinic:Polycytidylic Acid
Upregulates IFN-B in Airway Epithelial Cells with Minimal Costimulation of IL-8.
The Journal of Immunology 195, 2829-2841.

DAVIDSON, S., KAIKO, G., LOH, Z., LALWANI, A., ZHANG, V., SPANN, K., FOO, S.Y.,
HANSBRO, N., UEMATSU, S., AKIRA, S., MATTHAEI, K.I., ROSENBERG, H.F.,
FOSTER, P.S., and PHIPPS, S. (2011). Plasmacytoid dendritic cells promote host
defense against acute pneumovirus infection via the TLR7-MyD88-dependent
signalling pathway. Journal of immunology (Baltimore, Md. : 1950) 186, 5938-
5948.

DAVY, C., and DOORBAR, J. (2007). G2/M cell cycle arrest in the life cycle of viruses.
Virology 368, 219-226.

186



REFERENCES

DAWSON-CASWELL, M., and MUNCIE, H.L. (2011). Respiratory Syncytial Virus Infection
in Children. American family physician 83, 141-146.

DE ROSE, V., MOLLOY, K., GOHY, S., PILETTE, C., and GREENE, C.M. (2018). Airway
Epithelium Dysfunction in Cystic Fibrosis and COPD. Medlators of inflammation
2018, 1309746-1309746.

DE SWART, R.L., KUIKEN, T., TIMMERMAN, H.H., VAN AMERONGEN, G., VAN DEN
HOOGEN, B.G., VOS, H.W., NEIJENS, H.J., ANDEWEG, A.C., and OSTERHAUS,
A.D. (2002). Immunization of macaques with formalin-inactivated respiratory
syncytial virus (RSV) induces interleukin-13-associated hypersensitivity to
subsequent RSV infection. J Virol 76, 11561-11569.

DELGADO, M.A., ELMAOUED, R.A., DAVIS, A.S., KYEI, G., and DERETIC, V. (2008). Toll-
like receptors control autophagy. The EMBO journal 27, 1110-1121.

DESAI, T.R., LEEPER, N.J., HYNES, K.L., and GEWERTZ, B.L. (2002). Interleukin-6 Causes
Endothelial Barrier Dysfunction via the Protein Kinase C Pathway. Journal of
Surgical Research 104, 118-123.

DEVINCENZO, J.P., MCCLURE, M.W., SYMONS, J.A., FATHI, H., WESTLAND, C.,
CHANDA, S., LAMBKIN-WILLIAMS, R., SMITH, P., ZHANG, Q., BEIGELMAN, L.,
BLATT, L.M., and FRY, J. (2015). Activity of Oral ALS-008176 in a Respiratory
Syncytial Virus Challenge Study. New England Journal of Medicine 373, 2048-
2058.

DEVINCENZO, J.P., WHITLEY, R.J., MACKMAN, R.L., SCAGLIONI-WEINLICH, C.,
HARRISON, L., FARRELL, E., MCBRIDE, S., LAMBKIN-WILLIAMS, R., JORDAN,
R., XIN, Y., RAMANATHAN, S., O'RIORDAN, T., LEWIS, S.A., LI, X., TOBACK,
S.L., LIN, S.-L., and CHIEN, J.W. (2014). Oral GS-5806 Activity in a Respiratory
Syncytial Virus Challenge Study. New England Journal of Medicine 371, 711-722.

DEVINCENZO, J.P., WILKINSON, T., VAISHNAW, A., CEHELSKY, J., MEYERS, R.,
NOCHUR, S., HARRISON, L., MEEKING, P., MANN, A., MOANE, E., OXFORD,
J., PAREEK, R, MOORE, R., WALSH, E., STUDHOLME, R. DORSETT, P.,
ALVAREZ, R., and LAMBKIN-WILLIAMS, R. (2010). Viral Load Drives Disease in
Humans Experimentally Infected with Respiratory Syncytial Virus. American
Journal of Respiratory and Critical Care Medicine 182, 1305-1314.

DIEPEN, A., BRAND, K., WAAL, L., BIJL, M., JONG, V., KUIKEN, T., AMERONGEN, G.,
VAN DEN HAM, H.-J., EJKEMANS, M., OSTERHAUS, A., HERMANS, P., and
ANDEWEG, A. (2015). Host Proteome Correlates of Vaccine-Mediated Enhanced
Disease in a Mouse Model of Respiratory Syncytial Virus Infection. Journal of
virology 89.

DJUKANOVIC, R., HARRISON, T., JOHNSTON, S.L., GABBAY, F., WARK, P.,
THOMSON, N.C., NIVEN, R., SINGH, D. REDDEL, H.K., DAVIES, D.E.,
MARSDEN, R., BOXALL, C., DUDLEY, S., PLAGNOL, V., HOLGATE, S.T., and
MONK, P. (2014). The effect of inhaled IFN-beta on worsening of asthma symptoms
caused by viral infections. A randomized trial. Am J Respir Crit Care Med 190, 145-
154.

DJUKANOVIC, R., HARRISON, T. JOHNSTON, S.L., GABBAY, F.,, WARK, P.,
THOMSON, N.C., NIVEN, R., SINGH, D. REDDEL, H.K., DAVIES, D.E.,
MARSDEN, R., BOXALL, C., DUDLEY, S., PLAGNOL, V., HOLGATE, S.T., MONK,
P., and GROUP, LS. (2014). The effect of inhaled IFN-B on worsening of asthma
symptoms caused by viral infections. A randomized trial. American journal of
respiratory and critical care medicine 190, 145-154.

DO, L.A.H., PELLET, J., VAN DOORN, H.R., TRAN, A.T., NGUYEN, B.H., TRAN, T.T.L.,
TRAN, Q.H., VO, Q.B., TRAN DAC, N.A., TRINH, H.N., NGUYEN, T.T.H., LE
BINH, B.T., NGUYEN, H.M.K.,, NGUYEN, M.T., THAI, Q.T., VO, T.V., NGO,
N.Q.M., DANG, T.K.H., CAO, N.H., TRAN, T.V., HO, L.V., DE MEULDER, B.,

187



REFERENCES

AUFFRAY, C., HOFSTRA, J.J., FARRAR, J., BRYANT, J.E., DE JONG, M., and
HIBBERD, M.L. (2017). Host Transcription Profile in Nasal Epithelium and Whole
Blood of Hospitalized Children Under 2 Years of Age With Respiratory Syncytial
Virus Infection. J Infect Dis 217, 134-146.

DOBSON, J., WHITLEY, R.J.,, POCOCK, S., and MONTO, A.S. (2015). Oseltamivir
treatment for influenza in adults: a meta-analysis of randomised controlled trials.
Lancet.

DOERNER, A M., and ZURAW, B.L. (2009). TGF-betal induced epithelial to mesenchymal
transition (EMT) in human bronchial epithelial cells is enhanced by IL-1beta but
not abrogated by corticosteroids. Respir Res 10, 100.

DOMACHOWSKE, J.B., BONVILLE, C.A., ALLAHMAD, D., DYER, K.D., EASTON, AJJ.,
and ROSENBERG, H.F. (2001). Glucocorticoid Administration Accelerates
Mortality of Pneumovirus-Infected Mice. The Journal of Infectious Diseases 184,
1518-1523.

DOMACHOWSKE, J.B., BONVILLE, C.A., DYER, K.D., EASTON, AJ., and ROSENBERG,
H.F. (2000a). Pulmonary Eosinophilia and Production of MIP-Ta Are Prominent
Responses to Infection with Pneumonia Virus of Mice. Cellular Immunology 200,
98-104.

DOMACHOWSKE, J.B., BONVILLE, C.A., GAO, J.L., MURPHY, P.M., EASTON, A.J., and
ROSENBERG, H.F. (2000b). The chemokine macrophage-inflammatory protein-1
alpha and its receptor CCR1 control pulmonary inflammation and antiviral host
defense in paramyxovirus infection. / Immunol 165, 2677-2682.

DOMACHOWSKE, J.B., BONVILLE, C.A., and ROSENBERG, H.F. (2004). Animal Models
for Studying Respiratory Syncytial Virus Infection and Its Long Term Effects on Lung
Function. The Pediatric Infectious Disease Journal 23.

DORSETT, Y., and TUSCHL, T. (2004). siRNAs: applications in functional genomics and
potential as therapeutics. Nature Reviews Drug Discovery 3, 318-329.

DOSANJH, A., REDNAM, S., and MARTIN, M. (2003). Respiratory syncytial virus
augments production of fibroblast growth factor basic in vitro: Implications for a
possible mechanism of prolonged wheezing after infection. Pediatric Allergy and
Immunology 14, 437-440.

DOU, Y., ZHAO, Y., ZHANG, Z.-Y., MAO, H.-W., TU, W.-W., and ZHAO, X.-D. (2013).
Respiratory syncytial virus infection induces higher Toll-like receptor-3 expression
and TNF-a production than human metapneumovirus infection. PloS one 8,
€73488-e73488.

DOUGHERTY, R.H., and FAHY, J.V. (2009). Acute exacerbations of asthma: epidemiology,
biology and the exacerbation-prone phenotype. Clinical and experimental allergy :
journal of the British Society for Allergy and Clinical Immunology 39, 193-202.

DOUWES, J., GIBSON, P., PEKKANEN, J., and PEARCE, N. (2002). Non-eosinophilic
asthma: importance and possible mechanisms. Thorax 57, 643-648.

DROGE, W. (2002). Free radicals in the physiological control of cell function. Physiol Rev
82, 47-95.

DURBIN, J.E., JOHNSON, T.R., DURBIN, R.K., MERTZ, S.E., MOROTTI, R.A., PEEBLES,
R.S., and GRAHAM, B.S. (2002). The Role of IFN in Respiratory Syncytial Virus
Pathogenesis. The Journal of Immunology 168, 2944.

DYER, K.D., GARCIA-CRESPO, K.E., GLINEUR, S., DOMACHOWSKE, J.B., and
ROSENBERG, H.F. (2012). The Pneumonia Virus of Mice (PVM) model of acute
respiratory infection. Viruses 4, 3494-3510.

EASTON, A.J., DOMACHOWSKE, J.B., and ROSENBERG, H.F. (2004). Animal
Pneumoviruses: Molecular Genetics and Pathogenesis. Clinical Microbiology
Reviews 17, 390.

188



REFERENCES

EDDLESTON, J., HERSCHBACH, J., WAGELIE-STEFFEN, A.L., CHRISTIANSEN, S.C., and
ZURAW, B.L. (2007). The anti-inflammatory effect of glucocorticoids is mediated
by glucocorticoid-induced leucine zipper in epithelial cells. J Allergy Clin Immunol
119, 115-122.

EDWARDS, M.R., BARTLETT, N.W., HUSSELL, T., OPENSHAW, P., and JOHNSTON, S.L.
(2012). The microbiology of asthma. Nat Rev Microbiol 10, 459-471.

EHL, S., BISCHOFF, R., OSTLER, T., VALLBRACHT, S. SCHULTE-MONTING, .,
POLTORAK, A., and FREUDENBERG, M. (2004). The role of Toll-like receptor 4
versus interleukin-12 in immunity to respiratory syncytial virus. European Journal
of Immunology 34, 1146-1153.

EL SALEEBY, C.M., BUSH, A.J., HARRISON, L.M., AITKEN, J.A., and DEVINCENZO, .P.
(2011). Respiratory syncytial virus load, viral dynamics, and disease severity in
previously healthy naturally infected children. The Journal of infectious diseases
204, 996-1002.

EMPEY, K.M., OREND, J.G., PEEBLES, R.S., JR., EGANA, L., NORRIS, K.A., OURY, T.D.,
and KOLLS, J.K. (2012). Stimulation of Immature Lung Macrophages with Intranasal
Interferon Gamma in a Novel Neonatal Mouse Model of Respiratory Syncytial Virus
Infection. PLOS ONE 7, €40499.

ENGELKES, M., JANSSENS, H.M., DE JONGSTE, J.C., STURKENBOOM, M.C.].M., and
VERHAMME, K.M.C. (2015). Medication adherence and the risk of severe asthma
exacerbations: a systematic review. European Respiratory Journal 45, 396.

ERMERS, M.J.J., ROVERS, M.M., VAN WOENSEL, J.B., KIMPEN, J.L.L., and BONT, L.J.
(2009). The effect of high dose inhaled corticosteroids on wheeze in infants after
respiratory syncytial virus infection: randomised double blind placebo controlled
trial. The BMJ 338, b897.

EVANS, C.M., and KOO, }J.S. (2009). Airway mucus: The good, the bad, the sticky.
Pharmacology & Therapeutics 121, 332-348.

EVERARD, M.L., SWARBRICK, A., WRIGHTHAM, M., MCINTYRE, J., DUNKLEY, C.,
JAMES, P.D., SEWELL, H.F., and MILNER, A.D. (1994). Analysis of cells obtained
by bronchial lavage of infants with respiratory syncytial virus infection. Archives of
disease in childhood 71, 428-432.

FALSEY, A., and WALSH, E. (2005). Respiratory Syncytial Virus Infection in Elderly Adults.
Drugs & Aging 22, 577-587.

FARRELL, R.J., MURPHY, A., LONG, A., DONNELLY, S., CHERIKURI, A., O'TOOLE, D.,
MAHMUD, N., KEELING, P.W., WEIR, D.G., and KELLEHER, D. (2000). High
multidrug resistance (P-glycoprotein 170) expression in inflammatory bowel
disease patients who fail medical therapy. Gastroenterology 118, 279-288.

FENG, Q., SU, Z., SONG, S., XU, H., ZHANG, B., YI, L., TIAN, M., and WANG, H. (2016).
Histone deacetylase inhibitors suppress RSV infection and alleviate virus-induced
airway inflammation. Int | Mol Med 38, 812-822.

FERNANDES, R.M., BIALY, L.M., VANDERMEER, B., TJOSVOLD, L., PLINT, A.C., PATEL,
H., JOHNSON, D.W., KLASSEN, T.P., and HARTLING, L. (2013). Glucocorticoids
for acute viral bronchiolitis in infants and young children. Cochrane Database of
Systematic Reviews 2, 1-166.

FERRARI, G., COOK, B.D., TERUSHKIN, V., PINTUCCI, G., and MIGNATTI, P. (2009).
Transforming growth factor-beta 1 (TGF-betal) induces angiogenesis through
vascular endothelial growth factor (VEGF)-mediated apoptosis. / Cell Physiol 219,
449-458.

FERREIRA, D.S., ANNONI, R., SILVA, L.F., BUTTIGNOL, M., SANTOS, A.B., MEDEIROS,
M.C., ANDRADE, L.N., YICK, C.Y., STERK, P.J., SAMPAIO, J.L., DOLHNIKOFF,
M., WENZEL, S.E., and MAUAD, T. (2012). Toll-like receptors 2, 3 and 4 and

189



REFERENCES

thymic stromal lymphopoietin expression in fatal asthma. Clin Exp Allergy 42,
1459-1471.

FIEDLER, M.A., WERNKE-DOLLRIES, K., and STARK, J.M. (1995). Respiratory syncytial
virus increases IL-8 gene expression and protein release in A549 cells. American
Journal of Physiology-Lung Cellular and Molecular Physiology 269, L865-L872.

FINK, K., DUVAL, A., MARTEL, A., SOUCY-FAULKNER, A., and GRANDVAUX, N. (2008).
Dual Role of NOX2 in Respiratory Syncytial Virus- and Sendai Virus-Induced
Activation of NF-xB in Airway Epithelial Cells. The Journal of Immunology 180,
6911.

FLORES-TORRES, A.S., SALINAS-CARMONA, M.C., SALINAS, E., and ROSAS-TARACO,
A.G. (2019). Eosinophils and Respiratory Viruses. Viral Immunology 32, 198-207.

FOLKERTS, G., BUSSE, W.W., NIJKAMP, F.P., SORKNESS, R., and GERN, J.E. (1998).
Virus-induced Airway Hyperresponsiveness and Asthma. American Journal of
Respiratory and Critical Care Medicine 157, 1708-1720.

FONTENOT, ).D., GAVIN, M.A., and RUDENSKY, A.Y. (2003). Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells. Nature Immunology
4, 330-336.

FREYMUTH, F., VABRET, A., BROUARD, J., TOUTAIN, F., VERDON, R., PETITJEAN, J.,
GOUARIN, S., DUHAMEL, J.F., and GUILLOIS, B. (1999). Detection of viral,
Chlamydia pneumoniae and Mycoplasma pneumoniae infections in exacerbations
of asthma in children. Journal of clinical virology : the official publication of the Pan
American Society for Clinical Virology 13, 131-139.

FRITZ, J.H., FERRERO, R.L., PHILPOTT, D.J., and GIRARDIN, S.E. (2006). Nod-like
proteins in immunity, inflammation and disease. Nature Immunology 7, 1250-
1257.

FUJIIMOTO, C., NAKAGAWA, Y. OHARA, K. and TAKAHASHI, H. (2004).
Polyriboinosinic polyribocytidylic acid [poly(I:C)I/TLR3 signalling allows class |
processing of exogenous protein and induction of HIV-specific CD8+ cytotoxic T
lymphocytes. International Immunology 16, 55-63.

GAGLIARDO, R., CHANEZ, P., GJOMARKAJ, M., LA GRUTTA, S., BONANNO, A.,
MONTALBANO, A.M., DI SANO, C., ALBANO, G.D., GRAS, D., ANZALONE, G.,
RICCOBONQO, L., and PROFITA, M. (2013). The Role of Transforming Growth
Factor-B1 in Airway Inflammation of Childhood Asthma. International Journal of
Immunopathology and Pharmacology 26, 725-738.

GAGRO, A., TOMINAC, M., KRSULOVIC-HRESIC, V. BACE, A., MATIC, M.,
DRAZENOVIC, V., MLINARIC-GALINOVIC, G., KOSOR, E., GOTOVAC, K.,
BOLANCA, 1., BATINICA, S., and RABATIC, S. (2004). Increased Toll-like receptor
4 expression in infants with respiratory syncytial virus bronchiolitis. Clinical and
experimental immunology 135, 267-272.

GANESAN, S., FARIS, A.N., COMSTOCK, A.T., WANG, Q., NANUA, S., HERSHENSON,
M.B., and SAJJAN, U.S. (2012). Quercetin inhibits rhinovirus replication in vitro
and in vivo. Antiviral Res 94, 258-271.

GARCIA, D.F., HIATT, P.W., JEWELL, A., SCHOONOVER, S.L., CRON, S.G., RIGGS, M.,
GRACE, S., OERMANN, C.M., and PIEDRA, P.A. (2007). Human metapneumovirus
and respiratory syncytial virus infections in older children with cystic fibrosis.
Pediatric Pulmonology 42, 66-74.

GAROFALO, R., SABRY, M., JAMALUDDIN, M., YU, R.K., CASOLA, A., OGRA, P.L., and
BRASIER, A.R. (1996). Transcriptional activation of the interleukin-8 gene by
respiratory syncytial virus infection in alveolar epithelial cells: nuclear translocation
of the RelA transcription factor as a mechanism producing airway mucosal
inflammation. Journal of virology 70, 8773-8781.

190



REFERENCES

GAROFALO, R.P., KOLLI, D., and CASOLA, A. (2013). Respiratory syncytial virus
infection: mechanisms of redox control and novel therapeutic opportunities.
Antioxid Redox Signal 18, 186-217.

GAUDE, G., HATTIHOLI, J., and CHAUDHURY, A. (2014). Poor compliance to inhaler
therapy in bronchial asthma patients —a prospective study in general population.

GE, Q., MOIR, L.M., BLACK, J.L., OLIVER, B.G., and BURGESS, J.K. (2010). TGFB1 induces
IL-6 and inhibits IL-8 release in human bronchial epithelial cells: The role of
Smad2/3. Journal of Cellular Physiology 225, 846-854.

GERN, J.E., FRENCH, D.A., GRINDLE, K.A., BROCKMAN-SCHNEIDER, R.A., KONNO, S.-
[., and BUSSE, W.W. (2003). Double-Stranded RNA Induces the Synthesis of
Specific Chemokines by Bronchial Epithelial Cells. American Journal of Respiratory
Cell and Molecular Biology 28, 731-737.

GHILDYAL, R., HO, A., and JANS, D.A. (2006). Central role of the respiratory syncytial
virusmatrixprotein in infection. FEMS Microbiology Review 30, 692-705.

GHOSH, S., and KARIN, M. (2002). Missing Pieces in the NF-kB Puzzle. Cell 109, S81-
S96.

GIBBS, J.D., ORNOFF, D.M., 1IGO, H.A., ZENG, ).Y., and IMANI, F. (2009). Cell Cycle
Arrest by Transforming Growth Factor B1 Enhances Replication of Respiratory
Syncytial Virus in Lung Epithelial Cells. Journal of Virology 83, 12424-12431.

GINA (2020). Global Initiative for Asthma. Global Strategy for Asthma Management and
Prevention. Available from: www.ginasthma.org.

GITLIN, L., BARCHET, W., GILFILLAN, S., CELLA, M., BEUTLER, B., FLAVELL, R.A.,
DIAMOND, M.S., and COLONNA, M. (2006). Essential role of mda-5 in type I IFN
responses to polyriboinosinic:polyribocytidylic acid and encephalomyocarditis
picornavirus. Proceedings of the National Academy of Sciences 103, 8459-8464.

GLANVILLE, N., MCLEAN, G.R., GUY, B., LECOUTURIER, V., BERRY, C., GIRERD, Y.,
GREGOIRE, C., WALTON, R.P., PEARSON, R.M., KEBADZE, T., BURDIN, N.,
BARTLETT, N.W., ALMOND, J.W., and JOHNSTON, S.L. (2013). Cross-serotype
immunity induced by immunization with a conserved rhinovirus capsid protein.
PLoS Pathog 9, e1003669.

GLASER, L., COULTER, J.P., SHIELDS, M., TOUZELET, O., POWER, F.U., and
BROADBENT, L. (2019). Airway Epithelial Derived Cytokines and Chemokines and
Their Role in the Immune Response to Respiratory Syncytial Virus Infection.
Pathogens 8.

GODARD, P., CHANEZ, P., SIRAUDIN, L., NICOLOYANNIS, N., and DURU, G. (2002).
Costs of asthma are correlated with severity: a 1-yr prospective study. Eur Respir |
19, 61-67.

GOFFIC, R.L., BALLOY, V., LAGRANDERIE, M., ALEXOPOULOU, L., ESCRIOU, N.,
FLAVELL, R., CHIGNARD, M., and SI-TAHAR, M. (2006). Detrimental Contribution
of the Toll-Like Receptor (TLR)3 to Influenza A Virus-Induced Acute Pneumonia.
PLOS Pathogens 2, e53.

GOHY, S., CARLIER, F.M., FREGIMILICKA, C., DETRY, B., LECOCQ, M., LADJEMI, M.Z.,
VERLEDEN, S., HOTON, D., WEYNAND, B., BOUZIN, C., and PILETTE, C. (2019).
Altered generation of ciliated cells in chronic obstructive pulmonary disease.
Scientific Reports 9, 17963.

GOLEVA, E., KISICH, K.O., and LEUNG, D.Y. (2002). A role for STAT5 in the pathogenesis
of IL-2-induced glucocorticoid resistance. /| Immunol 169, 5934-5940.

GONZALEZ-PARRA, G., and DOBROVOLNY, H.M. (2018). A quantitative assessment of
dynamical differences of RSV infections in vitro and in vivo. Virology 523, 129-
139.

GOULET, S., BIHL, M.P., GAMBAZZI, F., TAMM, M., and ROTH, M. (2007). Opposite
effect of corticosteroids and long-acting B2-agonists on serum- and TGF-B1-

191



REFERENCES

induced extracellular matrix deposition by primary human lung fibroblasts. Journal
of Cellular Physiology 210, 167-176.

GOWEN, B.B.,, HOOPES, J.D., WONG, M.-H. JUNG, K-H. ISAKSON, K.C.,
ALEXOPOULOU, L., FLAVELL, R.A., and SIDWELL, R.W. (2006). TLR3 Deletion
Limits Mortality and Disease Severity due to Phlebovirus Infection. The Journal of
Immunology 177, 6301.

GRAHAM, B.S. (1996). Immunological determinants of disease caused by respiratory
syncytial virus. Trends Microbiol 4, 290-293.

GRAHAM, B.S., BUNTON, L.A., WRIGHT, P.F., and KARZON, D.T. (1991). Role of T
lymphocyte subsets in the pathogenesis of primary infection and rechallenge with
respiratory syncytial virus in mice. The Journal of clinical investigation 88, 1026-
1033.

GRAHAM, B.S., HENDERSON, G.S., TANG, Y.W., LU, X., NEUZIL, K.M., and COLLEY,
D.G. (1993). Priming immunization determines T helper cytokine mRNA
expression patterns in lungs of mice challenged with respiratory syncytial virus. /
Immunol 151, 2032-2040.

GRAHAM, B.S., PERKINS, M.D., WRIGHT, P.F., and KARZON, D.T. (1988). Primary
respiratory syncytial virus infection in mice. | Med Virol 26, 153-162.

GREEN, R.M., CUSTOVIC, A., SANDERSON, G., HUNTER, J., JOHNSTON, S.L., and
WOODCOCK, A. (2002). Synergism between allergens and viruses and risk of
hospital admission with asthma: case-control study. BMJ (Clinical research ed.)
324, 763-763.

GROSKREUTZ, D.J., MONICK, M.M., POWERS, L.S., YAROVINSKY, T.O., LOOK, D.C.,
and HUNNINGHAKE, G.W. (2006). Respiratory Syncytial Virus Induces TLR3
Protein and Protein Kinase R, Leading to Increased Double-Stranded RNA
Responsiveness in Airway Epithelial Cells. The Journal of Inmunology 176, 1733.

GUIBAS, G.V., and PAPADOPOULOS, N.G. (2017). "Viral Upper Respiratory Tract
Infections," in Viral Infections in Children, Volume II, ed. RJ. Green. (Cham:
Springer International Publishing), 1-25.

GUO, Y., AUDRY, M., CIANCANELLI, M., ALSINA, L., AZEVEDO, J., HERMAN, M.,
ANGUIANO, E., SANCHO-SHIMIZU, V., LORENZO, L., PAUWELS, E., PHILIPPE,
PB., PEREZ DE DIEGO, R., CARDON, A., VOGT, G. PICARD, C,
ANDRIANIRINA, Z.Z., ROZENBERG, F., LEBON, P., PLANCOULAINE, S.,
TARDIEU, M., VALERIE, D., JOUANGUY, E., CHAUSSABEL, D., GEISSMANN, F.,
ABEL, L., CASANOVA, J.-L., and ZHANG, S.-Y. (2011). Herpes simplex virus
encephalitis in a patient with complete TLR3 deficiency: TLR3 is otherwise
redundant in protective immunity. The Journal of Experimental Medicine 208,
2083.

GUO-PARKE, H., CANNING, P., DOUGLAS, I., VILLENAVE, R., HEANEY, L.G., COYLE,
P.V., LYONS, J.D., SHIELDS, M.D., and POWER, U.F. (2013). Relative Respiratory
Syncytial Virus Cytopathogenesis in Upper and Lower Respiratory Tract Epithelium.
American Journal of Respiratory and Critical Care Medicine 188, 842-851.

GYGI, S.P.,, ROCHON, Y., FRANZA, B.R., and AEBERSOLD, R. (1999). Correlation
between protein and mRNA abundance in yeast. Mol Cell Biol 19, 1720-1730.

HABIBI, M.S., JOZWIK, A., MAKRIS, S., DUNNING, J., PARAS, A., DEVINCENZO, J.P.,
DE HAAN, C.A.M., WRAMMERT, J., OPENSHAW, PJ.M., and CHIU, C. (2015).
Impaired Antibody-mediated Protection and Defective IgA B-Cell Memory in
Experimental Infection of Adults with Respiratory Syncytial Virus. American Journal
of Respiratory and Critical Care Medicine 191, 1040-1049.

HADJIGOL, S., NETTO, K.G., MALTBY, S., TAY, H.L., NGUYEN, T.H., HANSBRO, N.G.,
EYERS, F., HANSBRO, P.M. YANG, M. and FOSTER, P.S. (2020).
Lipopolysaccharide induces steroid-resistant exacerbations in a mouse model of

192



REFERENCES

allergic airway disease collectively through IL-13 and pulmonary macrophage
activation. Clin Exp Allergy 50, 82-94.

HAEBERLE, H.A., TAKIZAWA, R., CASOLA, A., BRASIER, A.R., DIETERICH, H.-J., VAN
ROOIJEN, N., GATALICA, Z., and GAROFALO, R.P. (2002). Respiratory Syncytial
Virus-Induced Activation of Nuclear Factor-xB in the Lung Involves Alveolar
Macrophages and Toll-Like Receptor 4-Dependent Pathways. The Journal of
Infectious Diseases 186, 1199-1206.

HAHM, K.B., IM, Y.H., PARKS, T.W., PARK, S.H., MARKOWITZ, S., JUNG, H.Y., GREEN,
J., and KIM, S.J. (2001). Loss of transforming growth factor beta signalling in the
intestine contributes to tissue injury in inflammatory bowel disease. Gut 49, 190-
198.

HAKIM, A., BARNES, P.J., ADCOCK, .M., and USMANI, O.S. (2013). Importin-7 mediates
glucocorticoid receptor nuclear import and is impaired by oxidative stress, leading
to glucocorticoid insensitivity. FASEB | 27, 4510-4519.

HAKONARSON, H., BJORNSDOTTIR, U.S., HALAPI, E., BRADFIELD, J., ZINK, F., MOUY,
M., HELGADOTTIR, H., GUDMUNDSDOTTIR, A.S., ANDRASON, H.,,
ADALSTEINSDOTTIR, A.E., KRISTJANSSON, K., BIRKISSON, I., ARNASON, T.,
ANDRESDOTTIR, M., GISLASON, D., GISLASON, T., GULCHER, J.R., and
STEFANSSON, K. (2005). Profiling of genes expressed in peripheral blood
mononuclear cells predicts glucocorticoid sensitivity in asthma patients. Proc Natl
Acad Sci U S A 102, 14789-14794.

HALDAR, P., BRIGHTLING, C.E., HARGADON, B., GUPTA, S., MONTEIRO, W., SOUSA,
A., MARSHALL, R.P., BRADDING, P., GREEN, R.H., WARDLAW, AJ., and
PAVORD, 1.D. (2009). Mepolizumab and Exacerbations of Refractory Eosinophilic
Asthma. N Engl ] Med 360, 973-984.

HALL, C.B., DOUGLAS, R.G., SCHNABEL, K.C., and GEIMAN, J.M. (1981). Infectivity of
respiratory syncytial virus by various routes of inoculation. Infection and Immunity
33, 779.

HALL, C.B., WALSH, E.E., LONG, C.E., and SCHNABEL, K.C. (1991a). Immunity to and
Frequency of Reinfection with Respiratory Syncytial Virus. The Journal of Infectious
Diseases 163, 693-698.

HALL, C.B., WALSH, E.E., LONG, C.E., and SCHNABEL, K.C. (1991b). Immunity to and
Frequency of Reinfection with Respiratory Syncytial Virus. Journal of Infectious
Diseases 163, 693-698.

HALL, F.L., BENYA, P.D., PADILLA, S.R., CARBONARO-HALL, D., WILLIAMS, R.,
BUCKLEY, S., and WARBURTON, D. (1996). Transforming growth factor-beta
type-Il receptor signalling: intrinsic/associated casein kinase activity, receptor
interactions and functional effects of blocking antibodies. Biochem J 316 ( Pt 1),
303-310.

HALLIWELL, B., and GUTTERIDGE, J.M.C. (1999). Free Radicals in Biology and Medicine.
Oxford, UK: Oxford science Publications.

HAN, K.-., SU, X., XU, L.-G., BIN, L.-H., ZHANG, J., and SHU, H.-B. (2004). Mechanisms
of the TRIF-induced Interferon-stimulated Response Element and NF-kB Activation
and Apoptosis Pathways. Journal of Biological Chemistry 279, 15652-15661.

HAN, M., RAJPUT, C., ISHIKAWA, T., JARMAN, C.R., LEE, J., and HERSHENSON, M.B.
(2018). Small Animal Models of Respiratory Viral Infection Related to Asthma.
Viruses 10, 682.

HARTE, M.T., HAGA, L.R., MALONEY, G., GRAY, P., READING, P.C., BARTLETT, N.W.,
SMITH, G.L., BOWIE, A., and NEILL, L.A.J. (2003). The Poxvirus Protein A52R
Targets Toll-like Receptor Signalling Complexes to Suppress Host Defense. The
Journal of Experimental Medicine 197, 343.

193



REFERENCES

HASEGAWA, HASEGAWA, K., CRAIG, S., TEACH, S., and CAMARGO, C.A. (2021).
Management of Asthma Exacerbations in the Emergency Department. / Allergy Clin
Immunol Pract.

HASHIMOTO, K., GRAHAM, B.S., HO, S.B., ADLER, K.B., COLLINS, R.D., OLSON, S.J.,
ZHOU, W., SUZUTANI, T., JONES, P.W., GOLENIEWSKA, K., O'NEAL, J.F., and
PEEBLES, R.S. (2004). Respiratory Syncytial Virus in Allergic Lung Inflammation
Increases Muc5ac and Gob-5. American Journal of Respiratory and Critical Care
Medicine 170, 306-312.

HASTIE, M.L., HEADLAM, M.J., PATEL, N.B., BUKREYEV, A.A., BUCHHOLZ, U.J., DAVE,
K.A., NORRIS, E.L., WRIGHT, C.L., SPANN, K.M., COLLINS, P.L., and GORMAN,
J.J. (2012). The human respiratory syncytial virus nonstructural protein 1 regulates
type | and type Il interferon pathways. Mol Cell Proteomics 11, 108-127.

HATTORI, S., SHIMOJO, N., MASHIMO, T., INOUE, Y., ONO, Y., KOHNO, Y.,
OKAMOTO, Y., HATA, A., and SUZUKI, Y. (2011). Relationship between RANTES
polymorphisms and respiratory syncytial virus bronchiolitis in a Japanese infant
population. Japanese Journal of Infectious Diseases 64, 242-245.

HAUBER, H.-P., FOLEY, S.C., and HAMID, Q. (2006). Mucin Overproduction in Chronic
Inflammatory Lung Disease. Canadian Respiratory Journal 13, 901417.

HAYDEN, M.S., and GHOSH, S. (2011). NF-kB in immunobiology. Cell research 21, 223-
244,

HAYNES, L.M., MOORE, D.D., KURT-JONES, E.A., FINBERG, R.W., ANDERSON, L.J., and
TRIPP, R.A. (2001). Involvement of toll-like receptor 4 in innate immunity to
respiratory syncytial virus. Journal of virology 75, 10730-10737.

HEALTH, A.1.O., and WELFARE (2020). "Asthma". (Canberra: AIHW).

HEGELE, R.G., HAYASHI, S., HOGG, J.C., and PARE, P.D. (1995). Mechanisms of Airway
Narrowing and Hyperresponsiveness in Viral Respiratory Tract Infections.
American Journal of Respiratory and Critical Care Medicine 151, 1659-1665.

HEGELE, R.G., ROBINSON, P.J., GONZALEZ, S., and HOGG, J.C. (1993). Production of
acute bronchiolitis in guinea-pigs by human respiratory syncytial virus. Eur Respir
J6,1324-1331.

HEIL, F., HEMMI, H., HOCHREIN, H., AMPENBERGER, F., KIRSCHNING, C., AKIRA, S.,
LIPFORD, G., WAGNER, H., and BAUER, S. (2004). Species-specific recognition
of single-stranded RNA via toll-like receptor 7 and 8. Science 303, 1526-1529.

HENDERSON, F.W., HU, S.C., and COLLIER, A.M. (1978). Pathogenesis of respiratory
syncytial virus infection in ferret and fetal human tracheas in organ culture. Am Rev
Respir Dis 118, 29-37.

HENDERSON, ., CAIAZZO, E., MCSHARRY, C., GUZIK, T.J., and MAFFIA, P. (2020). Why
do some asthma patients respond poorly to glucocorticoid therapy?
Pharmacological Research 160, 105189.

HERATH, S.C., and POOLE, P. (2013). Prophylactic antibiotic therapy for chronic
obstructive pulmonary disease (COPD). Cochrane Database Syst Rev 11,
Cd009764.

HEWSON, C.A., JARDINE, A., EDWARDS, M.R., LAZA-STANCA, V., and JOHNSTON,
S.L. (2005). Toll-like receptor 3 is induced by and mediates antiviral activity against
rhinovirus infection of human bronchial epithelial cells. / Virol 79, 12273-12279.

HEYMANN, P.W., CARPER, H.T., MURPHY, D.D., PLATTS-MILLS, T.A.E., PATRIE, J.,
MCLAUGHLIN, A.P., ERWIN, E.A., SHAKER, M.S., HELLEMS, M., PEERZADA, |.,
HAYDEN, F.G., HATLEY, T.K., and CHAMBERLAIN, R. (2004). Viral infections in
relation to age, atopy, and season of admission among children hospitalized for
wheezing. The Journal of allergy and clinical immunology 114, 239-247.

194



REFERENCES

HIDAKA, F., MATSUO, S., MUTA, T., TAKESHIGE, K., MIZUKAMI, T., and NUNOI, H.
(2006). A missense mutation of the Toll-like receptor 3 gene in a patient with
influenza-associated encephalopathy. Clinical Immunology 119, 188-194.

HIEMSTRA, P.S., MCCRAY, P.B., and BALS, R. (2015). The innate immune function of
airway epithelial cells in inflammatory lung disease. The European respiratory
journal 45, 1150-1162.

HIGGINS, P.G., BARROW, G.I., TYRRELL, D.A.J., ISAACS, D., and GAUCI, C.L. (1990).
The efficacy of intranasal interferona-2a in respiratory syncytial virus infection in
volunteers. Antiviral Research 14, 3-10.

HIJANO, D.R., VU, L.D., KAUVAR, L.M., TRIPP, R.A., POLACK, F.P., and CORMIER, S.A.
(2019). Role of Type | Interferon (IFN) in the Respiratory Syncytial Virus (RSV)
Immune Response and Disease Severity. Frontiers in immunology 10, 566-566.

HILLYER, P., SHEPARD, R., UEHLING, M., KRENZ, M., SHEIKH, F., THAYER, KR.,
HUANG, L., YAN, L., PANDA, D., LUONGO, C., BUCHHOLZ, U.J., COLLINS,
P.L., DONNELLY, R.P., and RABIN, R.L. (2018). Differential Responses by Human
Respiratory Epithelial Cell Lines to Respiratory Syncytial Virus Reflect Distinct
Patterns of Infection Control. / Virol 92.

HINCK, A.P., ARCHER, S.J., QIAN, S.W., ROBERTS, A.B., SPORN, M.B., WEATHERBEE,
J.A., TSANG, M.L.S., LUCAS, R., ZHANG, B.-L., WENKER, J., and TORCHIA, D.A.
(1996). Transforming Growth Factor B1: Three-Dimensional Structure in Solution
and Comparison with the X-ray Structure of Transforming Growth Factor B2.
Biochemistry 35, 8517-8534.

HINZEY, A., ALEXANDER, J., CORRY, J., ADAMS, K.M., CLAGGETT, A.M., TRAYLOR,
Z.P., DAVIS, I.C., and WEBSTER MARKETON, J.I. (2011). Respiratory Syncytial
Virus  Represses  Glucocorticoid = Receptor-Mediated ~ Gene  Activation.
Endocrinology 152, 483-494.

HOLGATE, S., BISGAARD, H., BJERMER, L., HAAHTELA, T., HAUGHNEY, J., HORNE, R.,
MCIVOR, A., PALKONEN, S., PRICE, D.B., THOMAS, M., VALOVIRTA, E., and
WAHN, U. (2008). The Brussels Declaration: the need for change in asthma
management. European Respiratory Journal 32, 1433.

HONG, K.U., REYNOLDS, S.D., GIANGRECO, A., HURLEY, C.M., and STRIPP, B.R.
(2001). Clara cell secretory protein-expressing cells of the airway neuroepithelial
body microenvironment include a label-retaining subset and are critical for
epithelial renewal after progenitor cell depletion. Am J Respir Cell Mol Biol 24, 671-
681.

HONG, K.U., REYNOLDS, S.D., WATKINS, S., FUCHS, E., and STRIPP, B.R. (2004). In
vivo differentiation potential of tracheal basal cells: evidence for multipotent and
unipotent subpopulations. Am J Physiol Lung Cell Mol Physiol 286, L643-649.

HORNSLETH, A., LOLAND, L., and LARSEN, L.B. (2001). Cytokines and chemokines in
respiratory secretion and severity of disease in infants with respiratory syncytial
virus (RSV) infection. Journal of Clinical Virology 21, 163-170.

HORNUNG, V., BARCHET, W., SCHLEE, M., and HARTMANN, G. (2008). "RNA
Recognition via TLR7 and TLR8," in Toll-Like Receptors (TLRs) and Innate
Immunity, eds. S. Bauer & G. Hartmann. Springer Berlin Heidelberg), 71-86.

HORNUNG, V., ELLEGAST, J., KIM, S., BRZOZKA, K., JUNG, A., KATO, H., POECK, H.,
AKIRA, S., CONZELMANN, K.-K., SCHLEE, M., ENDRES, S., and HARTMANN, G.
(2006). 5'-Triphosphate RNA Is the Ligand for RIG-I. Science 314, 994-997.

HORSFALL , F.L., JR., and HAHN , R.G. (1940). A LATENT VIRUS IN NORMAL MICE
CAPABLE OF PRODUCING PNEUMONIA IN ITS NATURAL HOST. Journal of
Experimental Medicine 71, 391-408.

HOSAKOTE, Y.M., JANTZI, P.D., ESHAM, D.L., SPRATT, H., KUROSKY, A., CASOLA, A.,
and GAROFALO, R.P. (2011). Viral-mediated inhibition of antioxidant enzymes

195



REFERENCES

contributes to the pathogenesis of severe respiratory syncytial virus bronchiolitis.
Am | Respir Crit Care Med 183, 1550-1560.

HOSAKOTE, Y.M., LIU, T., CASTRO, S.M., GAROFALO, R.P., and CASOLA, A. (2009).
Respiratory syncytial virus induces oxidative stress by modulating antioxidant
enzymes. Am J Respir Cell Mol Biol 41, 348-357.

HOTARD, A.L., LEE, S., CURRIER, M.G., CROWE, J.E., JR., SAKAMOTO, K., NEWCOMB,
D.C., PEEBLES, R.S., JR., PLEMPER, R.K., and MOORE, M.L. (2015). Identification
of residues in the human respiratory syncytial virus fusion protein that modulate
fusion activity and pathogenesis. / Virol 89, 512-522.

HOUNKPE, B.W., CHENOU, F., DE LIMA, F., and DE PAULA, ERICH V. (2020). HRT Atlas
v1.0 database: redefining human and mouse housekeeping genes and candidate
reference transcripts by mining massive RNA-seq datasets. Nucleic Acids Research
49, D947-DI55.

HUANG, S., WEI, W., and YUN, Y. (2009). Upregulation of TLR7 and TLR3 gene
expression in the lung of respiratory syncytial virus infected mice. Wei sheng wu
xue bao = Acta microbiologica Sinica 49, 239-245.

HUSSELL, T., PENNYCOOK, A., and OPENSHAW, P.J.M. (2001). Inhibition of tumor
necrosis factor reduces the severity of virus-specific lung immunopathology.
European Journal of Immunology 31, 2566-2573.

HUTCHENS, M., LUKER, K.E., SOTTILE, P., SONSTEIN, J., LUKACS, N.W., NUNEZ, G.,
CURTIS, J.L., and LUKER, G.D. (2008). TLR3 Increases Disease Morbidity and
Mortality from Vaccinia Infection. The Journal of Immunology 180, 483.

IEKI, K., MATSUKURA, S., KOKUBU, F., KIMURA, T., KUGA, H., KAWAGUCHI, M.,
ODAKA, M., SUZUKI, S., WATANABE, S., TAKEUCHI, H., SCHLEIMER, R.P., and
ADACHI, M. (2004). Double-stranded RNA activates RANTES gene transcription
through co-operation of nuclear factor-kappaB and interferon regulatory factors in
human airway epithelial cells. Clin Exp Allergy 34, 745-752.

IMA, N., and IWASAKI, A. (2014). T cell memory. A local macrophage chemokine
network sustains protective tissue-resident memory CD4 T cells. Science (New
York, N.Y.) 346, 93-98.

INDUKURI, H., CASTRO, S.M., LIAO, S.M., FEENEY, L.A., DORSCH, M., COYLE, A.J.,
GAROFALO, R.P., BRASIER, A.R., and CASOLA, A. (2006). Ikkepsilon regulates
viral-induced interferon regulatory factor-3 activation via a redox-sensitive
pathway. Virology 353, 155-165.

INOUE, Y., SHIMOJO, N., ARIMA, T., and KOHNO, Y. (2006). Toll-Like Receptor 2 as a
Functional Receptor to Respiratory Syncytial Virus. Journal of Allergy and Clinical
Immunology 117, S210.

IOANNIDIS, 1., YE, F., MCNALLY, B., WILLETTE, M., and FLANO, E. (2013). Toll-Like
Receptor Expression and Induction of Type | and Type lll Interferons in Primary
Airway Epithelial Cells. Journal of Virology 87, 3261-3270.

IRUSEN, E., MATTHEWS, ].G., TAKAHASHI, A., BARNES, PJ., CHUNG, K.F., and
ADCOCK, .M. (2002). p38 Mitogen-activated protein kinase-induced
glucocorticoid receptor phosphorylation reduces its activity: role in steroid-
insensitive asthma. J Allergy Clin Immunol 109, 649-657.

ITANI, O.A., AUERBACH, S.D., HUSTED, R.F., VOLK, K.A., AGELOFF, S., KNEPPER,
M.A., STOKES, J.B., and THOMAS, C.P. (2002). Glucocorticoid-stimulated lung
epithelial Na+ transport is associated with regulated ENaC andsgk1 expression.
American Journal of Physiology-Lung Cellular and Molecular Physiology 282, L631-
L641.

ITO, K., BARNES, P.J., and ADCOCK, I.M. (2000). Glucocorticoid receptor recruitment of
histone deacetylase 2 inhibits interleukin-1beta-induced histone H4 acetylation on
lysines 8 and 12. Mol Cell Biol 20, 6891-6903.

196



REFERENCES

JACKSON, A.L., and LINSLEY, P.S. (2010). Recognizing and avoiding siRNA off-target
effects for target identification and therapeutic application. Nature Reviews Drug
Discovery 9, 57.

JACKSON, D.J. (2014). Inhaled interferon: a novel treatment for virus-induced asthma?
American journal of respiratory and critical care medicine 190, 123-124.

JACKSON, D.J., GANGNON, R.E.,, EVANS, M.D., ROBERG, K.A., ANDERSON, E.L.,
PAPPAS, T.E., PRINTZ, M.C., LEE, W.-M., SHULT, P.A., REISDORF, E., CARLSON-
DAKES, K.T., SALAZAR, L.P., DASILVA, D.F., TISLER, C.J., GERN, J.E., and
LEMANSKE, R.F., JR. (2008). Wheezing rhinovirus illnesses in early life predict
asthma development in high-risk children. American journal of respiratory and
critical care medicine 178, 667-672.

JACOBS, B.L., and LANGLAND, J.O. (1996). When two strands are better than one: the
mediators and modulators of the cellular responses to double-stranded RNA.
Virology 219, 339-349.

JAFRI, H.S., CHAVEZ-BUENO, S., MEJIAS, A., GOMEZ, A.M., RIOS, A.M., NASSI, S.S.,
YUSUF, M., KAPUR, P., HARDY, R.D., HATFIELD, J., ROGERS, B.B., KRISHER, K.,
and RAMILO, O. (2004). Respiratory syncytial virus induces pneumonia, cytokine
response, airway obstruction, and chronic inflammatory infiltrates associated with
long-term airway hyperresponsiveness in mice. / Infect Dis 189, 1856-1865.

JAISWAL, A.K. (2004). Nrf2 signalling in coordinated activation of antioxidant gene
expression. free Radic Biol Med 36, 1199-1207.

JAMALUDDIN, M., CHOUDHARY, S., WANG, S., CASOLA, A., HUDA, R., GAROFALO,
R.P., RAY, S., and BRASIER, A.R. (2005). Respiratory syncytial virus-inducible BCL-
3 expression antagonizes the STAT/IRF and NF-kappaB signalling pathways by
inducing histone deacetylase 1 recruitment to the interleukin-8 promoter. J Virol
79, 15302-15313.

JAMALUDDIN, M., WIKTOROWICZ, J.E., SOMAN, K.V., BOLDOGH, I., FORBUS, J.D.,
SPRATT, H., GAROFALO, R.P., and BRASIER, A.R. (2010). Role of peroxiredoxin
1 and peroxiredoxin 4 in protection of respiratory syncytial virus-induced cysteinyl
oxidation of nuclear cytoskeletal proteins. J Virol 84, 9533-9545.

JAMES, A.L., ELLIOT, J.G., JONES, R.L, CARROLL, M.L, MAUAD, T. BAl, TR.,
ABRAMSON, M.J., MCKAY, K.O., and GREEN, F.H. (2012). Airway Smooth Muscle
Hypertrophy and Hyperplasia in Asthma. American Journal of Respiratory and
Critical Care Medicine 185, 1058-1064.

JAMIESON, K.C., WARNER, S.M., LEIGH, R., and PROUD, D. (2015). Rhinovirus in the
Pathogenesis and Clinical Course of Asthma. Chest 148, 1508-1516.

JANSSEN, R., PENNINGS, J., HODEMAEKERS, H., BUISMAN, A., VAN OOSTEN, M., DE
ROND, L., OZTURK, K., DORMANS, J., KIMMAN, T., and HOEBEE, B. (2007).
Host Transcription Profiles upon Primary Respiratory Syncytial Virus Infection.
Journal of Virology 81, 5958.

JAOVISIDHA, P., PEEPLES, M.E., BREES, A.A., CARPENTER, L.R., and MOY, J.N. (1999).
Respiratory Syncytial Virus Stimulates Neutrophil Degranulation and Chemokine
Release. The Journal of Immunology 163, 2816-2820.

JARTTI, T., LEHTINEN, P., VUORINEN, T., OSTERBACK, R., VAN DEN HOOGEN, B.,
OSTERHAUS, A.D.M.E., and RUUSKANEN, O. (2004). Respiratory picornaviruses
and respiratory syncytial virus as causative agents of acute expiratory wheezing in
children. Emerging infectious diseases 10, 1095-1101.

JENSEN, S., and THOMSEN, A.R. (2012). Sensing of RNA Viruses: a Review of Innate
Immune Receptors Involved in Recognizing RNA Virus Invasion. Journal of Virology
86, 2900.

JIANG, Z., KUNIMOTO, M., and PATEL, J.A. (1998). Autocrine Regulation and
Experimental Modulation of Interleukin-6 Expression by Human Pulmonary

197



REFERENCES

Epithelial Cells Infected with Respiratory Syncytial Virus. Journal of Virology 72,
2496.

JOHN, A.E., BERLIN, A.A., and LUKACS, N.W. (2003). Respiratory syncytial virus-induced
CCL5/RANTES contributes to exacerbation of allergic airway inflammation.
European Journal of Immunology 33, 1677-1685.

JOHNSON, J.E., GONZALES, R.A., OLSON, S.J., WRIGHT, P.F., and GRAHAM, B.S.
(2007). The histopathology of fatal untreated human respiratory syncytial virus
infection. Mod Pathol 20, 108-119.

JOHNSTON, N.W., JOHNSTON, S.L., DUNCAN, J.M., GREENE, J.M., KEBADZE, T.,
KEITH, P.K., ROY, M., WASERMAN, S., and SEARS, M.R. (2005). The September
epidemic of asthma exacerbations in children: a search for etiology. The Journal of
allergy and clinical immunology 115, 132-138.

JOHNSTON, S.L., PATTEMORE, P.K., SANDERSON, G., SMITH, S., LAMPE, F., JOSEPHS,
L., SYMINGTON, P., O'TOOLE, S., MYINT, S.H., TYRRELL, D.A., and ET AL.
(1995). Community study of role of viral infections in exacerbations of asthma in
9-11 year old children. BMJ (Clinical research ed.) 310, 1225-1229.

JOLLY, L., STAVROU, A., VANDERSTOKEN, G., MELIOPOULOS, V.A., HABGOQOD, A.,
TATLER, A.L., PORTE, J., KNOX, A., WEINREB, P., VIOLETTE, S., HUSSELL, T.,
KOLB, M., STAMPFLI, M.R., SCHULTZ-CHERRY, S., and JENKINS, G. (2014).
Influenza Promotes Collagen Deposition via avf6 Integrin-mediated Transforming
Growth Factor 8 Activation. Journal of Biological Chemistry 289, 35246-35263.

JUMAT, M.R., YAN, Y., RAVI, L.I., WONG, P., HUONG, T.N., LI, C., TAN, B.H., WANG,
D.Y., and SUGRUE, R.J. (2015). Morphogenesis of respiratory syncytial virus in
human primary nasal ciliated epithelial cells occurs at surface membrane
microdomains that are distinct from cilia. Virology 484, 395-411.

KAIGHN, M.E., REDDEL, R.R., LECHNER, J.F., PEEHL, D.M., CAMALIER, R.F., BRASH,
D.E., SAFFIOTTI, U., and HARRIS, C.C. (1989). Transformation of human neonatal
prostate epithelial cells by strontium phosphate transfection with a plasmid
containing SV40 early region genes. Cancer Res 49, 3050-3056.

KAKUK, T.J., SOIKE, K., BRIDEAU, R.J., ZAYA, R.M., COLE, S.L., ZHANG, J.Y., ROBERTS,
E.D., WELLS, P.A., and WATHEN, M.W. (1993). A human respiratory syncytial
virus (RSV) primate model of enhanced pulmonary pathology induced with a
formalin-inactivated RSV vaccine but not a recombinant FG subunit vaccine. J
Infect Dis 167, 553-561.

KALALI, B.N., KOLLISCH, G., MAGES, J., MULLER, T., and BAUER, S. (2008).
Doublestranded RNA induces an antiviral defense status in epidermal keratinocytes
through TLR3-, PKR-, and MDA5/RIG-I-mediated differential signalling. / Immunol
181, 2694-2704.

KANG, M.-J., KIM, S.-Y., KWON, E.-B., JO, Y.H., LEE, M.K., LEE, H.-S., MOON, D.-O.,
and KIM, M.-O. (2019). Derrone induces autophagic cell death through induction
of ROS and ERK in A549 cells. PLOS ONE 14, e0218659.

KARIKO, K., BUCKSTEIN, M., NI, H., and WEISSMAN, D. (2005). Suppression of RNA
Recognition by Toll-like Receptors: The Impact of Nucleoside Modification and the
Evolutionary Origin of RNA. Immunity 23, 165-175.

KARIKO, K., NI, H., CAPODICI, J., LAMPHIER, M., and WEISSMAN, D. (2004). mRNA Is
an Endogenous Ligand for Toll-like Receptor 3. Journal of Biological Chemistry 279,
12542-12550.

KASKINEN, A., ALEXANDERSSON, A., ANDERSSON, S., SAXEN, H., PELTOLA, V.,
KOLHO, K.-L., and HELVE, O. (2020). Decreased airway epithelial ion transport
was associated with the severity of the respiratory syncytial virus infection and
complications in infants. Acta Paediatrica 109, 2313-2315.

198



REFERENCES

KASPAR, J.W., NITURE, S.K., and JAISWAL, A.K. (2009). Nrf2:INrf2 (Keap1) signalling in
oxidative stress. Free Radic Biol Med 47, 1304-1309.

KASSEL, K.M., DODMANE, P.R.,, SCHULTE, N.A., and TOEWS, M.L. (2008).
Lysophosphatidic acid induces rapid and sustained decreases in epidermal growth
factor receptor binding via different signalling pathways in BEAS-2B airway
epithelial cells. | Pharmacol Exp Ther 325, 809-817.

KATO, H., SATO, S., YONEYAMA, M., YAMAMOTO, M., UEMATSU, S., MATSUI, K.,
TSUJIMURA, T., TAKEDA, K., FUJITA, T., TAKEUCHI, O., and AKIRA, S. (2005).
Cell Type-Specific Involvement of RIG-I in Antiviral Response. Immunity 23, 19-
28.

KATO, H., TAKEUCHI, O., MIKAMO-SATOH, E., HIRAI, R., KAWAI, T., MATSUSHITA,
K., HIIRAGI, A., DERMODY, T.S., FUJITA, T., and AKIRA, S. (2008). Length-
dependent recognition of double-stranded ribonucleic acids by retinoic acid-
inducible gene-l and melanoma differentiation—associated gene 5. The Journal of
Experimental Medicine 205, 1601.

KATO, H., TAKEUCHI, O., SATO, S., YONEYAMA, M., YAMAMOTO, M., MATSUI, K.,
UEMATSU, S., JUNG, A., KAWAI, T., ISHII, K.J., YAMAGUCHI, O., OTSU, K.,
TSUJIMURA, T., KOH, C.S., REIS E SOUSA, C., MATSUURA, Y., FUJITA, T., and
AKIRA, S. (2006). Differential roles of MDA5 and RIG-I helicases in the recognition
of RNA viruses. Nature 441, 101-105.

KAWAI, T., and AKIRA, S. (2009). The roles of TLRs, RLRs and NLRs in pathogen
recognitionInt Immunol. 21:313. International Immunology 21, 317-337.

KAWAI, T., and AKIRA, S. (2011). Toll-like Receptors and Their Crosstalk with Other Innate
Receptors in Infection and Immunity. Immunity 34, 637-650.

KEENAN, C.R., LANGENBACH, S.Y., JATIVA, F., HARRIS, T., LI, M., CHEN, Q., XIA, Y.,
GAO, B., SCHULIGA, M.J., JAFFAR, J., PRODANOVIC, D., TU, Y., BERHAN, A.,
LEE, P.V.S., WESTALL, G.P., and STEWART, A.G. (2018). Casein Kinase 18/¢
Inhibitor, PF670462 Attenuates the Fibrogenic Effects of Transforming Growth
Factor-B in Pulmonary Fibrosis. Frontiers in Pharmacology 9.

KEENAN, C.R., MOK, J.S., HARRIS, T., XIA, Y., SALEM, S., and STEWART, A.G. (2014).
Bronchial epithelial cells are rendered insensitive to glucocorticoid transactivation
by transforming growth factor-1. Respiratory Research 15, 55-55.

KEENAN, C.R., RADOJICIC, D., LI, M., RADWAN, A., and STEWART, A.G. (2015).
Heterogeneity in mechanisms influencing glucocorticoid sensitivity: the need for a
systems biology approach to treatment of glucocorticoid-resistant inflammation.
Pharmacol Ther 150, 81-93.

KEENAN, C.R., SALEM, S., FIETZ, E.R.,, GUALANO, R.C., and STEWART, A.G. (2012).
Glucocorticoid-resistant asthma and novel anti-inflammatory drugs. Drug Discov
Today 17, 1031-1038.

KELLEY, K.W., BLUTHE, R.-M., DANTZER, R., ZHOU, J.-H., SHEN, W.-H., JOHNSON,
R.W., and BROUSSARD, S.R. (2003). Cytokine-induced sickness behavior. Brain,
Behavior, and Immunity 17, 112-118.

KERRIN, A. FITCH, P.,, ERRINGTON, C. KERR, D. WAXMAN, L., RIDING, K.,
MCCORMACK, J., MEHENDELE, F., MCSORLEY, H., MACKENZIE, K., WRONSKI,
S., BRAUN, A., LEVIN, R., THEILEN, U., and SCHWARZE, J. (2017). Differential
lower airway dendritic cell patterns may reveal distinct endotypes of RSV
bronchiolitis. Thorax 72, 620.

KHETSURIANI, N., KAZEROUNI, N.N., ERDMAN, D.D. LU, X., REDD, S.C.,
ANDERSON, L.J., and TEAGUE, W.G. (2007). Prevalence of viral respiratory tract
infections in children with asthma. The Journal of allergy and clinical immunology
119, 314-321.

199



REFERENCES

KICIC, A., SUTANTO, E.N., STEVENS, P.T., KNIGHT, D.A., and STICK, S.M. (2006).
Intrinsic Biochemical and Functional Differences in Bronchial Epithelial Cells of
Children with Asthma. American Journal of Respiratory and Critical Care Medicine
174, 1110-1118.

KIM, S.R., and RHEE, Y.K. (2010). Overlap Between Asthma and COPD: Where the Two
Diseases Converge. Allergy Asthma Immunol Res 2, 209-214.

KIM, T.H., and LEE, H.K. (2014). Innate immune recognition of respiratory syncytial virus
infection. BMB Rep 47, 184-191.

KIM, T.K., and EBERWINE, J.H. (2010). Mammalian cell transfection: the present and the
future. Analytical and Bioanalytical Chemistry 397, 3173-3178.

KIM, Y.-I., DEVINCENZO, J.P., JONES, B.G., RUDRARAJU, R., HARRISON, L., MEYERS,
R., CEHELSKY, J., ALVAREZ, R., and HURWITZ, J.L. (2014). Respiratory Syncytial
Virus Human Experimental Infection Model: Provenance, Production, and
Sequence of Low-Passaged Memphis-37 Challenge Virus. PLOS ONE 9, e113100.

KIM, Y.-M., BRINKMANN, M.M., PAQUET, M.-E., and PLOEGH, H.L. (2008). UNC93B1
delivers nucleotide-sensing toll-like receptors to endolysosomes. Nature 452, 234-
238.

KINDBERG, E., VENE, S., MICKIENE, A. LUNDKVIST, A, LINDQUIST, L., and
SVENSSON, L. (2011). A functional Toll-like receptor 3 gene (TLR3) may be a risk
factor for tick-borne encephalitis virus (TBEV) infection. The Journal of infectious
diseases 203, 523-528.

KING, E.M., CHIVERS, J.E., RIDER, C.F., MINNICH, A., GIEMBYCZ, M.A., and NEWTON,
R. (2013). Glucocorticoid repression of inflammatory gene expression shows
differential responsiveness by transactivation- and transrepression-dependent
mechanisms. PloS one 8, €53936-e53936.

KITAZAWA, H., and VILLENA, J. (2014). Modulation of Respiratory TLR3-Anti-Viral
Response by Probiotic Microorganisms: Lessons Learned from Lactobacillus
rhamnosus CRL1505. Frontiers in Immunology 5.

KLONOWSKI, K.D., WILLIAMS, K.J., MARZO, A.L., BLAIR, D.A., LINGENHELD, E.G., and
LEFRANCOIS, L. (2004). Dynamics of Blood-Borne CD8 Memory T Cell Migration
In Vivo. Immunity 20, 551-562.

KNIGHT, D.A., and HOLGATE, S.T. (2003). The airway epithelium: structural and
functional properties in health and disease. Respirology 8, 432-446.

KNUDSON, C.J., HARTWIG, S.M., MEYERHOLZ, D.K., and VARGA, S.M. (2015). RSV
vaccine-enhanced disease is orchestrated by the combined actions of distinct CD4
T cell subsets. PLoS pathogens 11, e1004757-e1004757.

KOBAYASHI, Y., BOSSLEY, C., GUPTA, A., AKASHI, K., TSARTSALI, L., MERCADO, N.,
BARNES, P.J., BUSH, A., and ITO, K. (2014). Passive smoking impairs histone
deacetylase-2 in children with severe asthma. Chest 145, 305-312.

KOCHARYAN, A., FELDMAN, R., SINGLETON, A., HAN, X., and BLEIER, B.S. (2014). P-
glycoprotein inhibition promotes prednisone retention in human sinonasal polyp
explants. Int Forum Allergy Rhinol 4, 734-738.

KOGA, T., OSHITA, Y. KAMIMURA, T., KOGA, H. and AIZAWA, H. (2006).
Characterisation of patients with frequent exacerbation of asthma. Respiratory
Medicine 100, 273-278.

KOMARAVELLI, N., TIAN, B. IVANCIUC, T. MAUTEMPS, N. BRASIER, AR,
GAROFALO, R.P., and CASOLA, A. (2015). Respiratory syncytial virus infection
down-regulates antioxidant enzyme expression by triggering deacetylation-
proteasomal degradation of Nrf2. Free Radic Biol Med 88, 391-403.

KOMLOSI, Z.1., POZSONYI, E., TABI, T., SZOKO, E., NAGY, A., BARTOS, B., KOZMA,
G.T., TAMASI, L., OROSZ, M., MAGYAR, P., and LOSONCZY, G. (2006).
Lipopolysaccharide exposure makes allergic airway inflammation and hyper-

200



REFERENCES

responsiveness less responsive to dexamethasone and inhibition of iNOS. Clinical
& Experimental Allergy 36, 951-959.

KONG, M., MAENG, P., HONG, J., SZCZESNIAK, R., SORSCHER, E., SULLENDER, W.,
and CLANCY, J.P. (2013). Respiratory Syncytial Virus Infection Disrupts Monolayer
Integrity and Function in Cystic Fibrosis Airway Cells. Viruses 5, 2260-2271.

KOSTAKOU, E., KANIARIS, E., FILIOU, E., VASILEIADIS, 1., KATSAOUNOU, P.,
TZORTZAKI, E., KOULOURIS, N., KOUTSOUKOU, A., and ROVINA, N. (2019).
Acute Severe Asthma in Adolescent and Adult Patients: Current Perspectives on
Assessment and Management. Journal of Clinical Medicine 8, 1283.

KOTANIEMI-SYRJANEN, A., VAINIONPAA, R., REJONEN, T.M. WARIS, M.,
KORHONEN, K., and KORPPI, M. (2003). Rhinovirus-induced wheezing in
infancy--the first sign of childhood asthma? The Journal of allergy and clinical
immunology 111, 66-71.

KOTELKIN, A., PRIKHOD, KO, E.A., COHEN, J.I, COLLINS, P.L., and BUKREYEV, A.
(2003). Respiratory Syncytial Virus Infection Sensitizes Cells to Apoptosis Mediated
by Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand. Journal of Virology
77, 9156.

KREMPL, C.D., LAMIRANDE, E.W., and COLLINS, P.L. (2005). Complete Sequence of the
RNA Genome of Pneumonia Virus of Mice (PVM). Virus Genes 30, 237-248.

KRZYCH, U. STRAUSSER, H.R., BRESSLER, J.P. and GOLDSTEIN, A.L. (1978).
Quantitative differences in immune responses during the various stages of the
estrous cycle in female BALB/c mice. / Immunol 121, 1603-1605.

KRZYZANIAK, M.A., ZUMSTEIN, M.T., GEREZ, J.A., PICOTTI, P., and HELENIUS, A.
(2013). Host Cell Entry of Respiratory Syncytial Virus Involves Macropinocytosis
Followed by Proteolytic Activation of the F Protein. PLoS Pathog 9, e1003309.

KUCHIPUDI, S.V., TELLABATI, M., NELLI, R.K., WHITE, G.A., PEREZ, B.B., SEBASTIAN,
S., SLOMKA, M.J., BROOKES, S.M., BROWN, I.H., DUNHAM, S.P., and CHANG,
K.-C. (2012). 18S rRNA is a reliable normalisation gene for real time PCR based on
influenza virus infected cells. Virology journal 9, 230-230.

KUENZEL, S., TILL, A., WINKLER, M., HASLER, R., LIPINSKI, S., JUNG, S., GROTZINGER,
J., FICKENSCHER, H. SCHREIBER, S., and ROSENSTIEL, P. (2010). The
Nucleotide-Binding Oligomerization Domain-Like Receptor NLRC5 Is Involved in
IFN-Dependent Antiviral Immune Responses. The Journal of Immunology 184,
1990.

KULKARNI, A.B., HUH, C.G., BECKER, D., GEISER, A., LYGHT, M., FLANDERS, K.C.,
ROBERTS, A.B.,, SPORN, M.B., WARD, J.M., and KARLSSON, S. (1993).
Transforming growth factor beta 1 null mutation in mice causes excessive
inflammatory response and early death. Proc Nat/ Acad Sci U S A 90, 770-774.

KUMAR, A., ZHANG, J., and YU, F.-S.X. (2006). Toll-like receptor 3 agonist poly(l:C)-
induced antiviral response in human corneal epithelial cells. Immunology 117, 11-
21.

KUMAR, H., KOYAMA, S., ISHII, K.J., KAWAI, T., and AKIRA, S. (2008). Cutting Edge:
Cooperation of IPS-1- and TRIF-Dependent Pathways in Poly IC-Enhanced
Antibody Production and Cytotoxic T Cell Responses. The Journal of Inmunology
180, 683-687.

KUQO, C., LIM, S., KING, N.J.C., BARTLETT, N.W., WALTON, R.P., ZHU, J., GLANVILLE,
N., ANISCENKO, J., JOHNSTON, S.L., BURGESS, J.K., BLACK, J.L., and OLIVER,
B.G. (2011). Rhinovirus infection induces expression of airway remodelling factors
in vitro and in vivo. Respirology 16, 367-377.

KURAI, D., SARAYA, T., ISHIl, H. and TAKIZAWA, H. (2013). Virus-induced
exacerbations in asthma and COPD. Frontiers in Microbiology 4.

201



REFERENCES

KURT-JONES, E.A., POPOVA, L., KWINN, L., HAYNES, L.M., JONES, L.P., TRIPP, R.A.,
WALSH, E.E., FREEMAN, M.W., GOLENBOCK, D.T., ANDERSON, LJ., and
FINBERG, R.W. (2000a). Pattern recognition receptors TLR4 and CD14 mediate
response to respiratory syncytial virus. Nat Immunol 1, 398-401.

KURT-JONES, E.A., POPOVA, L., KWINN, L., HAYNES, L.M., JONES, L.P., TRIPP, R.A.,
WALSH, E.E., FREEMAN, M.W., GOLENBOCK, D.T., ANDERSON, LJ., and
FINBERG, R.W. (2000b). Pattern recognition receptors TLR4 and CD14 mediate
response to respiratory syncytial virus. Nature Immunology 1, 398-401.

KUSEL, M.M., DE KLERK, N.H., HOLT, P.G., KEBADZE, T., JOHNSTON, S.L., and SLY,
P.D. (2006). Role of respiratory viruses in acute upper and lower respiratory tract
illness in the first year of life: a birth cohort study. Pediatr Infect Dis | 25, 680-686.

KUSEL, M.M.H., DE KLERK, N.H., KEBADZE, T., VOHMA, V., HOLT, P.G., JOHNSTON,
S.L., and SLY, P.D. (2007). Early-life respiratory viral infections, atopic sensitization,
and risk of subsequent development of persistent asthma. The Journal of allergy and
clinical immunology 119, 1105-1110.

KVARNHAMMAR, A.M., and CARDELL, L.O. (2012). Pattern-recognition receptors in
human eosinophils. Immunology 136, 11-20.

LACHAPELLE, P., LI, M., DOUGLASS, J., and STEWART, A. (2018). Safer approaches to
therapeutic modulation of TGF-8 signalling for respiratory disease. Pharmacology
& Therapeutics 187, 98-113.

LAFAILLE, F.G., PESSACH, .M., ZHANG, S.-Y., CIANCANELLI, M., HERMAN, M.,
ABHYANKAR, A., YING, S.-W., KEROS, S., GOLDSTEIN, P.A., MOSTOSLAVSKY,
G., ORDOVAS-MONTANES, J., JOUANGUY, E., PLANCOULAINE, S., TU, E.,
ELKABETZ, Y., AL-MUHSEN, S., TARDIEU, M., SCHLAEGER, T.M., DALEY, G.Q.,
ABEL, L., CASANOVA, J.-L., STUDER, L., and NOTARANGELO, L.D. (2012).
Impaired intrinsic immunity to HSV-1 in human iPSC-derived TLR3-deficient CNS
cells. Nature 491, 769.

LAIHO, M., DECAPRIO, J.A., LUDLOW, J.W., LIVINGSTON, D.M., and MASSAGUE, J.
(1990). Growth inhibition by TGF-&#x3b2; linked to suppression of retinoblastoma
protein phosphorylation. Cell 62, 175-185.

LAMBRECHT, B.N., and HAMMAD, H. (2012). The airway epithelium in asthma. Nat Med
18, 684-692.

LANGLAIS, D., COUTURE, C., BALSALOBRE, A., and DROUIN, J. (2012). The Stat3/GR
interaction code: predictive value of direct/indirect DNA recruitment for
transcription outcome. Mol Cell 47, 38-49.

LARAGIONE, T., BRENNER, M., SHERRY, B., and GULKO, P.S. (2011). CXCL10 and its
receptor CXCR3 regulate synovial fibroblast invasion in rheumatoid arthritis.
Arthritis Rheum 63, 3274-3283.

LAX, S., WILSON, M.R., TAKATA, M., and THICKETT, D.R. (2014). Using a non-invasive
assessment of lung injury in a murine model of acute lung injury. BMJ Open
Respiratory Research 1, e000014.

LAY, M.K., GONZALEZ, P.A., LEON, M.A., CESPEDES, P.F., BUENO, S.M., RIEDEL, C.A.,
and KALERGIS, A.M. (2013). Advances in understanding respiratory syncytial virus
infection in airway epithelial cells and consequential effects on the immune
response. Microbes and Infection 15, 230-242.

LE GOFFIC, R., BALLOY, V., LAGRANDERIE, M., ALEXOPOULOU, L., ESCRIOU, N.,
FLAVELL, R., CHIGNARD, M., and SI-TAHAR, M. (2006). Detrimental contribution
of the Toll-like receptor (TLR)3 to influenza A virus-induced acute pneumonia. PLoS
pathogens 2, e53-e53.

LE GOFFIC, R., POTHLICHET, J., VITOUR, D., FUJITA, T., and MEURS, E. (2007). Cutting
Edge: Influenza A virus activates TLR3-dependent inflammatory and RIG-

202



REFERENCES

Idependent antiviral responses in human lung epithelial cells. /] Immunol 178,
3368-3372.

LE QUEMENT, C., GUENON, 1., GILLON, J.-Y., LAGENTE, V., and BOICHOT, E. (2008).
MMP-12 induces IL-8/CXCL8 secretion through EGFR and ERK1/2 activation in
epithelial cells. American Journal of Physiology-Lung Cellular and Molecular
Physiology 294, L1076-L1084.

LEE, C.G., KANG, H.R., HOMER, R.J., CHUPP, G., and ELIAS, J.A. (2006). Transgenic
modeling of transforming growth factor-beta(1): role of apoptosis in fibrosis and
alveolar remodeling. Proc Am Thorac Soc 3, 418-423.

LEE, C.G., YOON, H.J., ZHU, Z., LINK, H., WANG, Z., GWALTNEY, J.M., LANDRY, M.,
and ELIAS, J.A. (2000). Respiratory Syncytial Virus Stimulation of Vascular
Endothelial Cell Growth Factor/Vascular Permeability Factor. American Journal of
Respiratory Cell and Molecular Biology 23, 662-669.

LEE, F.E-H., WALSH, E.E., FALSEY, A.R., BETTS, R.F., and TREANOR, JJ. (2004).
Experimental infection of humans with A2 respiratory syncytial virus. Antiviral
Research 63, 191-196.

LEE, H.-C., HEADLEY, M.B., LOO, Y.-M., BERLIN, A., GALE, M., JR., DEBLEY, J.S.,
LUKACS, N.W., and ZIEGLER, S.F. (2012a). Thymic stromal lymphopoietin is
induced by respiratory syncytial virus-infected airway epithelial cells and promotes
a type 2 response to infection. The Journal of allergy and clinical immunology 130,
1187-1196.e1185.

LEE, K.-G., XU, S., KANG, Z.-H., HUO, J., HUANG, M., LIU, D., TAKEUCHI, O., AKIRA,
S., and LAM, K.-P. (2012b). Bruton&#039;s tyrosine kinase phosphorylates Toll-like
receptor 3 to initiate antiviral response. Proceedings of the National Academy of
Sciences 109, 5791.

LEI, X., SUN, Z., LIU, X., JIN, Q., HE, B., and WANG, J. (2011). Cleavage of the Adaptor
Protein TRIF by Enterovirus 71 3C Inhibits Antiviral Responses Mediated by Toll-
Like Receptor 3. Journal of Virology 85, 8811.

LEIGH, R., and PROUD, D. (2015). Virus-induced modulation of lower airway diseases:
Pathogenesis and pharmacologic approaches to treatment. Pharmacology &
Therapeutics 148, 185-198.

LEMANSKE, R.F., JR., JACKSON, D.J., GANGNON, R.E., EVANS, M.D., LI, Z., SHULT,
P.A., KIRK, C.J., REISDORF, E., ROBERG, K.A., ANDERSON, E.L., CARLSON-
DAKES, K.T., ADLER, K.J., GILBERTSON-WHITE, S., PAPPAS, T.E., DASILVA, D.F.,
TISLER, C.J., and GERN, J.E. (2005). Rhinovirus illnesses during infancy predict
subsequent childhood wheezing. / Allergy Clin Immunol 116, 571-577.

LEUNG, D.Y., HAMID, Q., VOTTERO, A., SZEFLER, S.J., SURS, W., MINSHALL, E.,
CHROUSOS, G.P., and KLEMM, D.. (1997). Association of glucocorticoid
insensitivity with increased expression of glucocorticoid receptor beta. / Exp Med
186, 1567-1574.

LEWIS FA, E.A. (1961). A syncytial virus associated with epidemic disease of the lower
respiratory tract in infants and young children. Med. J. Aust. 2, 932-933.

LI, K., FOY, E., FERREON, J.C., NAKAMURA, M., FERREON, A.C.M., IKEDA, M., RAY,
S.C., GALE, M., and LEMON, S.M. (2005). Immune evasion by hepatitis C virus
NS3/4A protease-mediated cleavage of the Toll-like receptor 3 adaptor protein
TRIF. Proceedings of the National Academy of Sciences of the United States of
America 102, 2992.

LI, M., KEENAN, C.R., LOPEZ-CAMPOS, G., MANGUM, J.E., CHEN, Q., PRODANOVIC,
D., XIA, Y.C., LANGENBACH, S.Y., HARRIS, T., HOFFEREK, V., REID, G.E., and
STEWART, A.G. (2019). A Non-canonical Pathway with Potential for Safer
Modulation of Transforming Growth Factor-B1 in Steroid-Resistant Airway
Diseases. iScience 12, 232-246.

203



REFERENCES

LI, Y.-G., SIRIPANYAPHINYO, U., TUMKOSIT, U., NORANATE, N., AANUEGOONPIPAT,
A., PAN, Y., KAMEOKA, M. KUROSU, T. IKUTA, K., TAKEDA, N., and
ANANTAPREECHA, S. (2012). Poly (I:C), an agonist of toll-like receptor-3, inhibits
replication of the Chikungunya virus in BEAS-2B cells. Virology journal 9, 114-114.

LIBERMAN, A.C., DRUKER, J., REFOJO, D., HOLSBOER, F., and ARZT, E. (2009).
Glucocorticoids inhibit GATA-3 phosphorylation and activity in T cells. FASEB J
23, 1558-1571.

LIFLAND, A.W., JUNG, J., ALONAS, E., ZURLA, C., CROWE, J.E., JR., and SANTANGELO,
P.J. (2012). Human respiratory syncytial virus nucleoprotein and inclusion bodies
antagonize the innate immune response mediated by MDA5 and MAVS. Journal of
virology 86, 8245-8258.

LINDELL, D.M., MORRIS, S., MUKHERJEE, S., and LUKACS, N.W. (2009). TLR-7 mediated
responses to respiratory syncytial virus (RSV). Journal of Immunology 182, 133—
145.

LINDEMANS, C.A., COFFER, P.J., SCHELLENS, .M.M., DE GRAAFF, P.M.A., KIMPEN,
J.L.L.,, and KOENDERMAN, L. (2006). Respiratory Syncytial Virus Inhibits
Granulocyte Apoptosis through a Phosphatidylinositol 3-Kinase and NF-kB-
Dependent Mechanism. The Journal of Immunology 176, 5529.

LINDEN, S.K., SUTTON, P., KARLSSON, N.G., KOROLIK, V., and MCGUCKIN, M.A.
(2008). Mucins in the mucosal barrier to infection. Mucosal Immunology 1, 183-
197.

LINDSAY, J.T., and HEANEY, L.G. (2013). Nonadherence in difficult asthma - facts, myths,
and a time to act. Patient preference and adherence 7, 329-336.

LING, K.-M., SUTANTO, E.N., IOSIFIDIS, T., KICIC-STARCEVICH, E. LOOI, K.,
GARRATT, L.W., MARTINOVICH, K.M., LANNIGAN, F.J., KNIGHT, D.A., STICK,
S.M., and KICIC, A. (2016). Reduced transforming growth factor 81 (TGF-81) in the
repair of airway epithelial cells of children with asthma. Respirology 21, 1219-
1226.

LING, Z., TRAN, K.C,, and TENG, M.N. (2009). Human respiratory syncytial virus
nonstructural protein NS2 antagonizes the activation of beta interferon transcription
by interacting with RIG-I. Journal of Virology 83, 3734-3742.

LIU, D., CHEN, Q., ZHU, H., GONG, L., HUANG, Y., LI, S., YUE, C., WU, K., WU, Y.,
ZHANG, W., HUANG, G., ZHANG, L., PU, S., and WANG, D. (2018). Association
of Respiratory Syncytial Virus Toll-Like Receptor 3-Mediated Immune Response
with COPD Exacerbation Frequency. Inflammation 41, 654-666.

LIU, L., BOTOS, I, WANG, Y., LEONARD, J.N., SHILOACH, J., SEGAL, D.M., and
DAVIES, D.R. (2008). Structural basis of toll-like receptor 3 signalling with double-
stranded RNA. Science (New York, N.Y.) 320, 379-381.

LIU, P., JAMALUDDIN, M., LI, K., GAROFALO, R.P., CASOLA, A., and BRASIER, A.R.
(2007). Retinoic acid-inducible gene | mediates early antiviral response and Toll-
like receptor 3 expression in respiratory syncytial virus-infected airway epithelial
cells. Journal of virology 81, 1401-1411.

LOIARRO, M., RUGGIERO, V., and SETTE, C. (2010). Targeting TLR/IL-1R Signalling in
Human Diseases. Mediators of Inflammation 2010, 12.

LOKE, T.K., MALLETT, K.H., RATOFF, J., O'CONNOR, B.J., YING, S., MENG, Q., SOH,
C., LEE, T.H., and CORRIGAN, C.J. (2006). Systemic glucocorticoid reduces
bronchial mucosal activation of activator protein 1 components in glucocorticoid-
sensitive but not glucocorticoid-resistant asthmatic patients. / Allergy Clin Immunol
118, 368-375.

LOMAS, D.A., LIPSON, D.A., MILLER, B.E., WILLITS, L., KEENE, O., BARNACLE, H.,
BARNES, N.C., and TAL-SINGER, R. (2012). An oral inhibitor of p38 MAP kinase

204



REFERENCES

reduces plasma fibrinogen in patients with chronic obstructive pulmonary disease.
J Clin Pharmacol 52, 416-424.

LOPEZ-SOUZA, N., DOLGANOV, G., DUBIN, R., SACHS, L.A., SASSINA, L., SPORER,
H., YAGI, S., SCHNURR, D., BOUSHEY, H.A., and WIDDICOMBE, J.H. (2004).
Resistance of differentiated human airway epithelium to infection by rhinovirus.
American Journal of Physiology - Lung Cellular and Molecular Physiology 286,
L373-1381.

LOXHAM, M., and DAVIES, D.E. (2017). Phenotypic and genetic aspects of epithelial
barrier function in asthmatic patients. Journal of Allergy and Clinical Immunology
139, 1736-1751.

LUKACS, N.W., SMIT, J.J., MUKHERJEE, S., MORRIS, S.B., NUNEZ, G., and LINDELL,
D.M. (2010). Respiratory virus-induced TLR7 activation controls IL-17-associated
increased mucus via IL-23 regulation. Journal of immunology (Baltimore, Md. :
1950) 185, 2231-2239.

LUKACS, N.W. TEKKANAT, K.K., BERLIN, A, HOGABOAM, C.M. MILLER, A.,
EVANOFF, H., LINCOLN, P., and MAASSAB, H. (2001). Respiratory Syncytial Virus
Predisposes Mice to Augmented Allergic Airway Responses Via IL-13-Mediated
Mechanisms. The Journal of Immunology 167, 1060.

LUND, J.M., ALEXOPOULOU, L., SATO, A., KAROW, M., ADAMS, N.C., GALE, N.W.,
IWASAKI, A., and FLAVELL, R.A. (2004). Recognition of single-stranded RNA
viruses by Toll-like receptor 7. Proceedings of the National Academy of Sciences
of the United States of America 101, 5598-5603.

LUO, J., OBMOLOVA, G., MALIA, T.J.,, WU, S.-J., DUFFY, K.E., MARION, J.D., BELL, J.K.,
GE, P., ZHOU, Z.H., TEPLYAKOV, A., ZHAO, Y., LAMB, R.J., JORDAN, J.L., SAN
MATEO, L.R., SWEET, RW., and GILLILAND, G.L. (2012). Lateral Clustering of
TLR3:dsRNA Signalling Units Revealed by TLR3ecd:3Fabs Quaternary Structure.
Journal of Molecular Biology 421, 112-124.

MA, Q., and HE, X. (2012). Molecular basis of electrophilic and oxidative defense:
promises and perils of Nrf2. Pharmacol Rev 64, 1055-1081.

MACKAY, L.K., BRAUN, A., MACLEOD, B.L., COLLINS, N., TEBARTZ, C., BEDOUI, S.,
CARBONE, F.R., and GEBHARDT, T. (2015a). Cutting Edge: CD69 Interference
with Sphingosine-1-Phosphate Receptor Function Regulates Peripheral T Cell
Retention. The Journal of Immunology 194, 2059.

MACKAY, LAURA K., WYNNE-JONES, E., FREESTONE, D., PELLICCI, DANIEL G.,
MIELKE, LISA A., NEWMAN, DANE M., BRAUN, A., MASSON, F., KALLIES, A.,
BELZ, GABRIELLE T., and CARBONE, FRANCIS R. (2015b). T-box Transcription
Factors Combine with the Cytokines TGF-&#x3b2; and IL-15 to Control Tissue-
Resident Memory T Cell Fate. Immunity 43, 1101-1111.

MAGNUSSEN H, H.O., WATZ H, SAUER M, KHANSKAYA |, GANN L, STRYSZAK P,
STAUDINGER H, SADEH ] (2010). Safety and efficacy of SCH527123, a novel
CXCR2 antagonist, in patients with COPD. . Eur Resp J, 38S.

MAHY, B.W. (2001). "A Dictionary of Virology, 4th edition." Third ed (London: Academic
Press).

MALHOTRA, D., THIMMULAPPA, R.K., MERCADO, N., ITO, K., KOMBAIRAJU, P.,
KUMAR, S., MA, J., FELLER-KOPMAN, D., WISE, R., BARNES, P., and BISWAL, S.
(2011). Denitrosylation of HDAC2 by targeting Nrf2 restores glucocorticosteroid
sensitivity in macrophages from COPD patients. / Clin Invest 121, 4289-4302.

MARIANI, TJ., QIU, X., CHU, C., WANG, L., THAKAR, J., HOLDEN-WILTSE, J.,
CORBETT, A., TOPHAM, D.J., FALSEY, A.R., CASERTA, M.T., and WALSH, E.E.
(2017). Association of Dynamic Changes in the CD4 T-Cell Transcriptome With
Disease Severity During Primary Respiratory Syncytial Virus Infection in Young
Infants. / Infect Dis 216, 1027-1037.

205



REFERENCES

MARKETON, J.I.W., and CORRY, J. (2013). Poly I:C and respiratory syncytial virus (RSV)
inhibit glucocorticoid receptor (GR)-mediated transactivation in lung epithelial, but
not monocytic; cell lines. Virus Research 176, 303-306.

MARR, N., and TURVEY, S.E. (2012). Role of human TLR4 in respiratory syncytial virus-
induced NF-kB activation, viral entry and replication. Innate Immunity 18, 856-
865.

MARR, N., TURVEY, S.E., and GRANDVAUX, N. (2013). Pathogen recognition receptor
crosstalk in respiratory syncytial virus sensing: a host and cell type perspective.
Trends in Microbiology 21, 568-574.

MARTIN, J.G., SIDDIQUI, S., and HASSAN, M. (2006). Immune responses to viral
infections: Relevance for asthma. Paediatric respiratory reviews 7, S125-S127.

MARTINEZ, 1., LOMBARDIA, L., GARCIA-BARRENO, B., DOMINGUEZ, O., and
MELERO, J.A. (2007). Distinct gene subsets are induced at different time points after
human respiratory syncytial virus infection of A549 cells. Journal of Ceneral
Virology 88, 570-581.

MARTINEZ, 1., and MELERO, J.A. (2002). A model for the generation of multiple A to G
transitions in the human respiratory syncytial virus genome: predicted RNA
secondary structures as substrates for adenosine deaminases that act on RNA. / Gen
Virol 83, 1445-1455.

MARTINEZ-LOPEZ, N., ATHONVARANGKUL, D., MISHALL, P., SAHU, S., and SINGH,
R. (2013). Autophagy proteins regulate ERK phosphorylation. Nature
Communications 4, 2799.

MARWICK, J.A,, CARAMORI, G., CASOLARI, P., MAZZONI, F., KIRKHAM, P.A.,
ADCOCK, .M., CHUNG, K.F., and PAPI, A. (2010). A role for phosphoinositol 3-
kinase delta in the impairment of glucocorticoid responsiveness in patients with
chronic obstructive pulmonary disease. / Allergy Clin Immunol 125, 1146-1153.

MARWICK, J.A., CARAMORI, G., STEVENSON, C.S., CASOLARI, P., JAZRAWI, E.,
BARNES, PJ., ITO, K., ADCOCK, .M., KIRKHAM, P.A., and PAPI, A. (2009).
Inhibition of PI3K& Restores Glucocorticoid Function in Smoking-induced Airway
Inflammation in Mice. American Journal of Respiratory and Critical Care Medicine
179, 542-548.

MASAKI, T., KOJIMA, T., OKABAYASHI, T., OGASAWARA, N., OHKUNI, T., OBATA, K.,
TAKASAWA, A., MURATA, M., TANAKA, S., HIRAKAWA, S., FUCHIMOTQO, ].,
NINOMIYA, T., FUJIIl, N., TSUTSUMI, H., HIMI, T., and SAWADA, N. (2011). A
nuclear factor-kB signalling pathway via protein kinase C & regulates replication of
respiratory syncytial virus in polarized normal human nasal epithelial cells.
Molecular Biology of the Cell 22, 2144-2156.

MASSAGUE, J. (1990). The Transforming Growth Factor-beta Family. Annual Review of
Cell Biology 6, 597-641.

MASTRONARDE, J.G., HE, R., MONICK, M.M., MUKAIDA, N., MATSUSHIMA, K., and
HUNNINGHAKE, G.W. (1996). Induction of Interleukin (IL)-8 Gene Expression by
Respiratory Syncytial Virus Involves Activation of Nuclear Factor (NF)-xB and NF-
IL-6. The Journal of Infectious Diseases 174, 262-267.

MATSUMOTO, K., and INOUE, H. (2014). Viral infections in asthma and COPD.
Respiratory Investigation 52, 92-100.

MATSUMOTO, M., KIKKAWA, S., KOHASE, M., MIYAKE, K., and SEYA, T. (2002).
Establishment of a monoclonal antibody against human Toll-like receptor 3 that
blocks double-stranded RNA-mediated signalling. Biochemical and Biophysical
Research Communications 293, 1364-1369.

MATTHEWS, J.G., ITO, K., BARNES, P.J., and ADCOCK, I.M. (2004). Defective
glucocorticoid receptor nuclear translocation and altered histone acetylation

206



REFERENCES

patterns in glucocorticoid-resistant patients. / Allergy Clin Immunol 113, 1100-
1108.

MAYER, A.K., MUEHMER, M., MAGES, J., GUEINZIUS, K., HESS, C., HEEG, K., BALS, R.,
LANG, R., and DALPKE, A.H. (2007). Differential recognition of TLR-dependent
microbial ligands in human bronchial epithelial cells. / Immunol 178, 3134-3142.

MCALLISTER, C.S., ANSALDI, D., GROWCOTT, E.J., ZHONG, Y., QUACKENBUSH, D.,
WOLFF, K.C., CHEN, Z., TANASEICHUK, O., LELAIS, G., BARNES, S.W., FEDERE,
G.C., LUNA, F.,, WALKER, J.R, ZHOU, Y. and KUHEN, K.L. (2019).
Dexamethasone inhibits respiratory syncytial virus-driven mucus production while
increasing viral replication without altering antiviral interferon signalling. Virology.

MCALLISTER, C.S., ANSALDI, D., GROWCOTT, E.J., ZHONG, Y., QUACKENBUSH, D.,
WOLFF, K.C., CHEN, Z., TANASEICHUK, O., LELAIS, G., BARNES, S.W., FEDERE,
G.C., LUNA, F., WALKER, J.R, ZHOU, Y. and KUHEN, K.L. (2020).
Dexamethasone inhibits respiratory syncytial virus-driven mucus production while
increasing viral replication without altering antiviral interferon signalling. Virology
540, 195-206.

MCCANN, K.L.,, and IMANI, F. (2007). Transforming Growth Factor B Enhances
Respiratory Syncytial Virus Replication and Tumor Necrosis Factor Alpha Induction
in Human Epithelial Cells. Journal of Virology 81, 2880-2886.

MCKAY, E., HIGGINS, P., TYRRELL, D., and PRINGLE, C. (1988). Immunogenicity and
pathogenicity of temperature-sensitive modified respiratory syncytial virus in adult
volunteers. Journal of Medical Virology 25, 411-421.

MCKEAN, M.C., and DUCHARME, F. (2000). Inhaled steroids for episodic viral wheeze of
childhood. Cochrane Database of Systematic Reviews.

MCNAMARA, P.S., FONCECA, A.M., HOWARTH, D., CORREIA, J.B., SLUPSKY, J.R.,
TRINICK, R.E.,, AL TURAIKI, W., SMYTH, R.L., and FLANAGAN, B.F. (2013a).
Respiratory syncytial virus infection of airway epithelial cells, in vivo and in vitro,
supports pulmonary antibody responses by inducing expression of the B cell
differentiation factor BAFF. Thorax 68, 76-81.

MCNAMARA, P.S., FONCECA, A.M., HOWARTH, D., CORREIA, J.B., SLUPSKY, J.R.,
TRINICK, R.E., AL TURAIKI, W., SMYTH, R.L., and FLANAGAN, B.F. (2013b).
Respiratory syncytial virus infection of airway epithelial cells, in vivo and in vitro,
supports pulmonary antibody responses by inducing expression of the B cell
differentiation factor BAFF. Thorax 68, 76.

MCNAMARA, P.S., RITSON, P., SELBY, A., HART, C.A.,, and SMYTH, R.L. (2003).
Bronchoalveolar lavage cellularity in infants with severe respiratory syncytial virus
bronchiolitis. Archives of disease in childhood 88, 922-926.

MEDREK, S.K., KAO, C.C., YANG, D.H., HANANIA, N.A., and PARULEKAR, A.D. (2017).
Fungal Sensitization Is Associated with Increased Risk of Life-Threatening Asthma.
The Journal of Allergy and Clinical Immunology: In Practice 5, 1025-1031.e1022.

MEJIAS, A., DIMO, B., SUAREZ, N.M., GARCIA, C., SUAREZ-ARRABAL, M.C., JARTTI, T.,
BLANKENSHIP, D., JORDAN-VILLEGAS, A., ARDURA, M., XU, Z.,
BANCHEREAU, J., CHAUSSABEL, D., and RAMILO, O. (2013). Whole Blood Gene
Expression Profiles to Assess Pathogenesis and Disease Severity in Infants with
Respiratory Syncytial Virus Infection. PLOS Medicine 10, e1001549.

MELLOW, T.E., MURPHY, P.C., CARSON, J.L., TERRY, L.N., ZHANG, L., and PICKLES,
R.J. (2004). THE EFFECT OF RESPIRATORY SYNCTIAL VIRUS ON CHEMOKINE
RELEASE BY DIFFERENTIATED AIRWAY EPITHELIUM. Experimental Lung
Research 30, 43-57.

MENG, Q.-J., MAYWOOD, E.S., BECHTOLD, D.A., LU, W.-Q., LI, J., GIBBS, J.E., DUPRE,
S.M., CHESHAM, J.E., RAJAMOHAN, F., KNAFELS, J., SNEED, B., ZAWADZKE,
L.E, OHREN, J.F., WALTON, K.M., WAGER, T.T., HASTINGS, M.H., and

207



REFERENCES

LOUDON, A.S.L. (2010). Entrainment of disrupted circadian behavior through
inhibition of casein kinase 1 (CK1) enzymes. Proceedings of the National Academy
of Sciences of the United States of America 107, 15240-15245.

MGBEMENA, V., SEGOVIA, J., CHANG, T., and BOSE, S. (2011). Kruppel-like factor 6
regulates transforming growth factor-beta gene expression during human
respiratory syncytial virus infection. Virol | 8, 409.

MICHAELOUDES, C., SUKKAR, M.B., KHORASANI, N.M., BHAVSAR, P.K., and CHUNG,
K.F. (2011). TGF-B regulates Nox4, MnSOD and catalase expression, and IL-6
release in airway smooth muscle cells. American journal of physiology. Lung
cellular and molecular physiology 300, L295-L304.

MIKAMI, T., MIYASHITA, H., TAKATSUKA, S., KUROKI, Y., and MATSUSHIMA, N.
(2012). Molecular evolution of vertebrate Toll-like receptors: Evolutionary rate
difference between their leucine-rich repeats and their TIR domains. Gene 503,
235-243.

MILLER, A.L.,, BOWLIN, T.L., and LUKACS, N.W. (2004). Respiratory syncytial virus-
induced chemokine production: linking viral replication to chemokine production
in vitro and in vivo. / Infect Dis 189, 1419-1430.

MILLER, A.L., STRIETER, R.M., GRUBER, A.D., HO, S.B., and LUKACS, N.W. (2003).
CXCR2 Regulates Respiratory Syncytial Virus-Induced Airway Hyperreactivity and
Mucus Overproduction. The Journal of Imnmunology 170, 3348.

MILLER, M.K., LEE, J.H., MILLER, D.P., and WENZEL, S.E. (2007). Recent asthma
exacerbations: A key predictor of future exacerbations. Respiratory Medicine 101,
481-489.

MILLS V, J., VAN KIRK, J.E., WRIGHT, P.F., CHANOCK, R.M., and FISHBURNE, I.E.
(1971). Experimental Respiratory Syncytial Virus Infection of Adults. The Journal of
Immunology 107, 123.

MIURA, T.A. (2019). Respiratory Epithelial Cells as Master Communicators during Viral
Infections. Current Clinical Microbiology Reports 6, 10-17.

MIYAZONO, K., ICHIJO, H., and HELDIN, C.H. (1993). Transforming growth factor-beta:
latent forms, binding proteins and receptors. Growth Factors 8, 11-22.

MONICK, M.M., YAROVINSKY, T.O., POWERS, L.S., BUTLER, N.S., CARTER, A.B.,
GUDMUNDSSON, G., and HUNNINGHAKE, G.W. (2003). Respiratory syncytial
virus upregulates TLR4 and sensitizes airway epithelial cells to endotoxin. Journal
of Biological Chemistry 278, 53035-53044.

MOORE, M.L, CHI, M.H. ZHOU, W. GOLENIEWSKA, K. O'NEAL, J.F.,
HIGGINBOTHAM, J.N., and PEEBLES, R.S., JR. (2007). Cutting Edge: Oseltamivir
decreases T cell GM1 expression and inhibits clearance of respiratory syncytial
virus: potential role of endogenous sialidase in antiviral immunity. / Immunol 178,
2651-2654.

MORRIS, D., ANSAR, M., SPESHOCK, J., IVANCIUC, T., QU, Y., CASOLA, A., and
GAROFALO, R.P. (2019). Antiviral and Immunomodulatory Activity of Silver
Nanoparticles in Experimental RSV Infection. Viruses 11, 732.

MUKHERJEE, A.,, MOROSKY, S.A., DELORME-AXFORD, E., DYBDAHL-SISSOKO, N.,
OBERSTE, M.S., WANG, T., and COYNE, C.B. (2011a). The Coxsackievirus B
3Cpro Protease Cleaves MAVS and TRIF to Attenuate Host Type | Interferon and
Apoptotic Signalling. PLOS Pathogens 7, e1001311.

MUKHERJEE, S., LINDELL, D.M., BERLIN, A.A., MORRIS, S.B., SHANLEY, T.P.,
HERSHENSON, M.B., and LUKACS, N.W. (2011b). IL-17-induced pulmonary
pathogenesis during respiratory viral infection and exacerbation of allergic disease.
The American journal of pathology 179, 248-258.

MUNDAY, D.C., EMMOTT, E., SURTEES, R., LARDEAU, C.H., WU, W., DUPREX, W.P.,
DOVE, B.K., BARR, J.N., and HISCOX, J.A. (2010a). Quantitative proteomic

208



REFERENCES

analysis of A549 cells infected with human respiratory syncytial virus. Mol Cell
Proteomics 9, 2438-2459.

MUNDAY, D.C., HISCOX, J.A., and BARR, J.N. (2010b). Quantitative proteomic analysis
of A549 cells infected with human respiratory syncytial virus subgroup B using
SILAC coupled to LC-MS/MS. Proteomics 10, 4320-4334.

MUNDAY, D.C., HOWELL, G., BARR, J.N., and HISCOX, J.A. (2015). Proteomic analysis
of mitochondria in respiratory epithelial cells infected with human respiratory
syncytial virus and functional implications for virus and cell biology. Journal of
Pharmacy and Pharmacology 67, 300-318.

MUNOZ, J.L., MCCARTHY, C.A., CLARK, M.E., and HALL, C.B. (1991). Respiratory
syncytial virus infection in C57BL/6 mice: clearance of virus from the lungs with
virus-specific cytotoxic T cells. / Virol 65, 4494-4497.

MURAI, H., TERADA, A., MIZUNO, M., ASAl, M., HIRABAYASHI, Y., SHIMIZU, S.,
MORISHITA, T., KAKITA, H., HUSSEIN, M.H., ITO, T., KATO, 1., ASAI, K., and
TOGARI, H. (2007). IL-10 and RANTES are Elevated in Nasopharyngeal Secretions
of Children with Respiratory Syncytial Virus Infection. Allergology International 56,
157-163.

MURAWSKI, M.R., BOWEN, G.N., CERNY, A.M., ANDERSON, L.J., HAYNES, LM.,
TRIPP, R.A., KURT-JONES, E.A., and FINBERG, R.W. (2009). Respiratory syncytial
virus activates innate immunity through Toll-like receptor 2. Journal of virology 83,
1492-1500.

MURRAY, C.S., POLETTI, G., KEBADZE, T., MORRIS, J., WOODCOCK, A., JOHNSTON,
S.L., and CUSTOVIC, A. (2006). Study of modifiable risk factors for asthma
exacerbations: virus infection and allergen exposure increase the risk of asthma
hospital admissions in children. Thorax 61, 376-382.

NAIR, H., NOKES, D.J., GESSNER, B.D., DHERANI, M., MADHI, S.A., SINGLETON, R.J.,
O'BRIEN, K.L., ROCA, A., WRIGHT, P.F.,, BRUCE, N., CHANDRAN, A.,
THEODORATOU, E., SUTANTO, A., SEDYANINGSIH, E.R., NGCAMA, M.,
MUNYWOKI, P.K., KARTASASMITA, C., SIMOES, E.A.F., RUDAN, I., WEBER,
M.W., and CAMPBELL, H. (2010). Global burden of acute lower respiratory
infections due to respiratory syncytial virus in young children: a systematic review
and meta-analysis. The Lancet 375, 1545-1555.

NARAYANAN, K.B., and PARK, H.H. (2015). Toll/interleukin-1 receptor (TIR) domain-
mediated cellular signalling pathways. Apoptosis 20, 196-209.

NEGISHI, H., OSAWA, T., OGAMI, K., OUYANG, X., SAKAGUCHI, S., KOSHIBA, R.,
YANAI, H., SEKO, Y., SHITARA, H., BISHOP, K., YONEKAWA, H., TAMURA, T,
KAISHO, T., TAYA, C., TANIGUCHI, T., and HONDA, K. (2008). A critical link
between Toll-like receptor 3 and type Il interferon signalling pathways in antiviral
innate immunity. Proceedings of the National Academy of Sciences 105, 20446.

NGUYEN, T.H., MALTBY, S., SIMPSON, J.L., EYERS, F., BAINES, K.J., GIBSON, P.G.,
FOSTER, P.S., and YANG, M. (2016). TNF-a and Macrophages Are Critical for
Respiratory Syncytial Virus-Induced Exacerbations in a Mouse Model of Allergic
Airways Disease. / Immunol 196, 3547-3558.

NUMATA, M., CHU, HW., DAKHAMA, A., and VOELKER, D.R. (2010). Pulmonary
surfactant phosphatidylglycerol inhibits respiratory syncytial virus-induced
inflammation and infection. Proceedings of the National Academy of Sciences of
the United States of America 107, 320-325.

O'CONNELL, D., BOUAZZA, B., KOKALARI, B., AMRANI, Y., KHATIB, A., GANTHER,
J.D., and TLIBA, O. (2015). IFN-y-induced JAK/STAT, but not NF-xB, signalling
pathway is insensitive to glucocorticoid in airway epithelial cells. American Journal
of Physiology-Lung Cellular and Molecular Physiology 309, L348-L359.

209



REFERENCES

OAKLEY, R.H., JEWELL, C.M., YUDT, M.R., BOFETIADO, D.M., and CIDLOWSKI, J.A.
(1999). The dominant negative activity of the human glucocorticoid receptor beta
isoform. Specificity and mechanisms of action. / Biol Chem 274, 27857-27866.

OLSZEWSKA, W., and OPENSHAW, P. (2009). Emerging drugs for respiratory syncytial
virus infection. Expert Opin Emerg Drugs 14, 207-217.

OPENSHAW, P.J. (1995). Immunity and immunopathology to respiratory syncytial virus.
The mouse model. Am J Respir Crit Care Med 152, S59-62.

OPENSHAW, P.J. (2013). The mouse model of respiratory syncytial virus disease. Curr Top
Microbiol Immunol 372, 359-369.

OPENSHAW, P.J.M., CHIU, C., CULLEY, F.J., and JOHANSSON, C. (2017). Protective and
Harmful Immunity to RSV Infection. Annual Review of Immunology 35, 501-532.

ORTEGA, H., NICKLE, D., and CARTER, L. (2020). Rhinovirus and asthma: Challenges and
opportunities. Rev Med Virol, e2193.

OSHANSKY, C.M., BARBER, J.P., CRABTREE, J., and TRIPP, R.A. (2010). Respiratory
Syncytial Virus F and G Proteins Induce Interleukin 1a, CC, and CXC Chemokine
Responses by Normal Human Bronchoepithelial Cells. The Journal of Infectious
Diseases 201, 1201-1207.

OSMAN, M. (2003). Therapeutic implications of sex differences in asthma and atopy.
Archives of Disease in Childhood 88, 587.

OSOATA, G.O., YAMAMURA, S., ITO, M., VUPPUSETTY, C., ADCOCK, I.M., BARNES,
P.J., and ITO, K. (2009). Nitration of distinct tyrosine residues causes inactivation
of histone deacetylase 2. Biochem Biophys Res Commun 384, 366-371.

OYANAGI, J., KOJIMA, N., SATO, H., HIGASHI, S., KIKUCHI, K., SAKAI, K.,
MATSUMOTO, K., and MIYAZAKI, K. (2014). Inhibition of transforming growth
factor-beta signalling potentiates tumor cell invasion into collagen matrix induced
by fibroblast-derived hepatocyte growth factor. Exp Cell Res 326, 267-279.

PADEM, N., and GLICK ROBISON, R. (2019). The infant and toddler with wheezing.
Allergy Asthma Proc 40, 393-395.

PANICKAR, J., LAKHANPAUL, M., LAMBERT, P.C., KENIA, P., STEPHENSON, T., SMYTH,
A., and GRIGG, J. (2009). Oral Prednisolone for Preschool Children with Acute
Virus-Induced Wheezing. New England Journal of Medicine 360, 329-338.

PAPADOPOULOS, N.G., CHRISTODOULOU, I., ROHDE, G., AGACHE, 1., ALMQVIST,
C., BRUNO, A., BONINI, S., BONT, L., BOSSIOS, A., BOUSQUET, J., BRAIDO,
F., BRUSSELLE, G., CANONICA, G.W., CARLSEN, K.H., CHANEZ, P., FOKKENS,
W.J., GARCIA-GARCIA, M., GJOMARKAJ, M., HAAHTELA, T., HOLGATE, S.T.,
JOHNSTON, S.L., KONSTANTINOU, G., KOWALSKI, M., LEWANDOWSKA-
POLAK, A., LODRUP-CARLSEN, K., MAKELA, M., MALKUSOVA, |., MULLOL, J.,
NIETO, A., ELLER, E., OZDEMIR, C., PANZNER, P., POPOV, T., PSARRAS, S.,
ROUMPEDAKI, E., RUKHADZE, M. STIPIC-MARKOVIC, A., BOM, AT,
TOSKALA, E., VAN CAUWENBERGE, P., VAN DRUNEN, C., WATELET, ).B.,
XATZIPSALTI, M., XEPAPADAKI, P., and ZUBERBIER, T. (2011). Viruses and
bacteria in acute asthma exacerbations - A GA2LEN-DARE* systematic review.
Allergy 66, 458-468.

PAPADOPOULOS, N.G., XEPAPADAKI, P., MALLIA, P., BRUSSELLE, G., WATELET, J.B.,
XATZIPSALTI, M. FOTEINOS, G., VAN DRUNEN, C.M., FOKKENS, W..,
D'AMBROSIO, C., BONINI, S., BOSSIOS, A., LOTVAL, J., VAN CAUWENBERGE,
P., HOLGATE, S.T., CANONICA, G.W., SZCZEKLIK, A., ROHDE, G., KIMPEN, |.,
PITKARANTA, A., MAKELA, M., CHANEZ, P., RING, J., and JOHNSTON, S.L.
(2007). Mechanisms of virus-induced asthma exacerbations: state-of-the-art. A
GA2LEN and InterAirways document. Allergy 62, 457-470.

PAPI, A., CONTOLI, M., ADCOCK, I.M., BELLETTATO, C., PADOVANI, A., CASOLARI,
P., STANCIU, L.A., BARNES, P.J., JOHNSTON, S.L., ITO, K., and CARAMORI, G.

210



REFERENCES

(2013). Rhinovirus infection causes steroid resistance in airway epithelium through
nuclear factor kB and c-Jun N-terminal kinase activation. Journal of Allergy and
Clinical Immunology 132, 1075-1085.e1076.

PATEL, H., PLATT, R., LOZANO, J.M., and WANG, E.E. (2004). Glucocorticoids for acute
viral bronchiolitis in infants and young children. Cochrane Database of Systematic
Reviews 3, CD004878.

PATEL, H., SHAW, S.G., SHI-WEN, X., ABRAHAM, D., BAKER, D.M., and TSUI, J.C.S.
(2012). Toll-like receptors in ischaemia and its potential role in the pathophysiology
of muscle damage in critical limb ischaemia. Cardiology research and practice
2012, 121237-121237.

PATEL, J.A., JIANG, Z., NAKAJIMA, N., and KUNIMOTO, M. (1998). Autocrine regulation
of interleukin-8 by interleukin-Talpha in respiratory syncytial virus-infected
pulmonary epithelial cells in vitro. Immunology 95, 501-506.

PAVORD, 1.D., KORN, S., HOWARTH, P., BLEECKER, E.R., BUHL, R., KEENE, O.N.,
ORTEGA, H., and CHANEZ, P. (2012). Mepolizumab for severe eosinophilic
asthma (DREAM): a multicentre, double-blind, placebo-controlled trial. Lancet
380, 651-659.

PEBERNARD, S., and IGGO, R.D. (2004). Determinants of interferon-stimulated gene
induction by RNAi vectors. Differentiation 72, 103-111.

PECCHINI, R., BEREZIN, E.N., SOUZA, M.C., DE ANDRADE VAZ-DE-LIMA, L., SATO, N.,
SALGADO, M., UEDA, M., PASSOS, S.D., RANGEL, R., and CATEBELOTA, A.
(2015). Parainfluenza virus as a cause of acute respiratory infection in hospitalized
children. The Brazilian Journal of Infectious Diseases 19, 358-362.

PEEBLES, R.S., JR., HASHIMOTO, K., COLLINS, R.D., JARZECKA, K., FURLONG, ],
MITCHELL, D.B., SHELLER, J.R., and GRAHAM, B.S. (2001). Immune interaction
between respiratory syncytial virus infection and allergen sensitization critically
depends on timing of challenges. / Infect Dis 184, 1374-1379.

PERALES-LINARES, R., and NAVAS-MARTIN, S. (2013). Toll-like receptor 3 in viral
pathogenesis: friend or foe? Immunology 140, 153-167.

PERK, Y., and OZDIL, M. (2018). Respiratory syncytial virus infections in neonates and
infants. Turk Pediatri Ars 53, 63-70.

PERSENGIEV, S.P., ZHU, X., and GREEN, M.R. (2004). Nonspecific, concentration-
dependent stimulation and repression of mammalian gene expression by small
interfering RNAs (siRNAs). RNA 10, 12-18.

PERSSON, B.D., JAFFE, A.B., FEARNS, R., and DANAHAY, H. (2014). Respiratory syncytial
virus can infect basal cells and alter human airway epithelial differentiation. PLoS
One 9, e102368.

PHIPPS, S., LAM, C.E., MAHALINGAM, S., NEWHOUSE, M., RAMIREZ, R., ROSENBERG,
H.F., FOSTER, P.S., and MATTHAEI, K.I. (2007). Eosinophils contribute to innate
antiviral immunity and promote clearance of respiratory syncytial virus. Blood 110,
1578-1586.

PICHAVANT, M., DELNESTE, Y., JEANNIN, P., FOURNEAU, C., BRICHET, A., TONNEL,
A.-B., and GOSSET, P. (2003). Outer Membrane Protein A from Klebsiella
pneumoniae Activates Bronchial Epithelial Cells: Implication in Neutrophil
Recruitment. The Journal of Immunology 171, 6697-6705.

PICKLES, R.J., and DEVINCENZO, J.P. (2015). Respiratory syncytial virus (RSV) and its
propensity for causing bronchiolitis. / Pathol 235, 266-276.

PIEDIMONTE, G., and PEREZ, M.K. (2014). Respiratory syncytial virus infection and
bronchiolitis. Pediatrics in review 35, 519-530.

POKHAREL, S.M., SHIL, N.K., and BOSE, S. (2016). Autophagy, TGF-B, and SMAD-2/3
Signalling Regulates Interferon-f Response in Respiratory Syncytial Virus Infected
Macrophages. Frontiers in Cellular and Infection Microbiology 6.

211



REFERENCES

POOLE, P.J., and BLACK, P.N. (2006). Mucolytic agents for chronic bronchitis or chronic
obstructive pulmonary disease. Cochrane Database Syst Rev, Cd001287.

POOLE, P.J.,, CHACKO, E., WOOD-BAKER, R.W., and CATES, C.J. (2006). Influenza
vaccine for patients with chronic obstructive pulmonary disease. Cochrane
Database Syst Rev, Cd002733.

POWER, U.F. (2008). Respiratory syncytial virus (RSV) vaccines--two steps back for one
leap forward. / Clin Virol 41, 38-44.

PRINCE, G.A., HORSWOOD, R.L., BERNDT, J., SUFFIN, S.C., and CHANOCK, R.M.
(1979). Respiratory syncytial virus infection in inbred mice. Infect Immun 26, 764-
766.

PRINCE, G.A., JENSON, A.B., HORSWOOD, R.L., CAMARGO, E., and CHANOCK, R.M.
(1978). The pathogenesis of respiratory syncytial virus infection in cotton rats. Am
J Pathol 93, 771-791.

PRINCE, G.A., and PORTER, D.D. (1976). The pathogenesis of respiratory syncytial virus
infection in infant ferrets. Am J Pathol 82, 339-352.

QU, L., FENG, Z., YAMANE, D., LIANG, Y., LANFORD, R.E., LI, K., and LEMON, S.M.
(2011). Disruption of TLR3 Signalling Due to Cleavage of TRIF by the Hepatitis A
Virus Protease-Polymerase Processing Intermediate, 3CD. PLOS Pathogens 7,
e1002169.

RABY, B.A., VAN STEEN, K., LASKY-SU, J., TANTISIRA, K., KAPLAN, F., and WEISS, S.T.
(2009). Importin-13 genetic variation is associated with improved airway
responsiveness in childhood asthma. Respir Res 10, 67.

RAKES, G.P., ARRUDA, E., INGRAM, .M., HOOVER, G.E., ZAMBRANGO, J.C., HAYDEN,
F.G., PLATTS-MILLS, T.A., and HEYMANN, P.W. (1999). Rhinovirus and
respiratory syncytial virus in wheezing children requiring emergency care. IgE and
eosinophil analyses. Am J Respir Crit Care Med 159, 785-790.

RAKHA, E.A., BOYCE, RW.G., ABD EL-REHIM, D., KURIEN, T., GREEN, A.R., PAISH,
E.C., ROBERTSON, J.F.R., and ELLIS, 1.O. (2005). Expression of mucins (MUCT,
MUC2, MUC3, MUC4, MUC5AC and MUC6) and their prognostic significance in
human breast cancer. Modern Pathology 18, 1295-1304.

RAMEIX-WELTI, M.-A., LE GOFFIC, R., HERVE, P.-L.,, SOURIMANT, J., REMOT, A.,
RIFFAULT, S., YU, Q., GALLOUX, M., GAULT, E., and ELEOUET, J.-F. (2014).
Visualizing the replication of respiratory syncytial virus in cells and in living mice.
Nature communications 5, 5104-5104.

RATMAN, D., VANDEN BERGHE, W., DEJAGER, L., LIBERT, C., TAVERNIER, J., BECK,
[.M., and DE BOSSCHER, K. (2013). How glucocorticoid receptors modulate the
activity of other transcription factors: a scope beyond tethering. Mol Cell Endocrinol
380, 41-54.

RAY, A., and PREFONTAINE, K.E. (1994). Physical association and functional antagonism
between the p65 subunit of transcription factor NF-kappa B and the glucocorticoid
receptor. Proceedings of the National Academy of Sciences 91, 752-756.

REDDEL, H.K., TAYLOR, D.R., BATEMAN, E.D., BOULET, L.-P., BOUSHEY, H.A., BUSSE,
W.W., CASALE, T.B., CHANEZ, P., ENRIGHT, P.L., GIBSON, P.G., JONGSTE,
J.C.D., KERSTJENS, H.A.M., LAZARUS, S.C., LEVY, M.L, O'BYRNE, P.M.,
PARTRIDGE, M.R., PAVORD, 1.D., SEARS, M.R., STERK, P.J., STOLOFF, S.W.,
SULLIVAN, S.D., SZEFLER, S.J., THOMAS, M.D., and WENZEL, S.E. (2009). An
Official American Thoracic Society/European Respiratory Society Statement:
Asthma Control and Exacerbations. 180, 59-99.

REDDEL, RR., KE, Y., GERWIN, B.l, MCMENAMIN, M.G., LECHNER, J.F., SU, R.T,,
BRASH, D.E., PARK, J.-B., RHIM, J.S., and HARRIS, C.C. (1988). Transformation of
Human Bronchial Epithelial Cells by Infection with SV40 or Adenovirus-12 SV40

212



REFERENCES

Hybrid Virus, or Transfection via Strontium Phosphate Coprecipitation with a
Plasmid Containing SV40 Early Region Genes. Cancer Research 48, 1904-1909.

REED, L.J., and MUENCH, H. (1938). A simple method of estimating fifty per cent
endpoints. American Journal of Epidemiology, 27, 493-497.

REED, M., MORRIS, S.H., JANG, S., MUKHERJEE, S., YUE, Z., and LUKACS, N.W. (2013).
Autophagy-inducing protein beclin-1 in dendritic cells regulates CD4 T cell
responses and disease severity during respiratory syncytial virus infection. Journal
of immunology (Baltimore, Md. : 1950) 191, 2526-2537.

REILY, M.M., PANTOJA, C., HU, X., CHINENOV, Y., and ROGATSKY, 1. (2006). The
GRIPT:IRF3 interaction as a target for glucocorticoid receptor-mediated
immunosuppression. EMBO J 25, 108-117.

REIS E SOUSA, C. (2007). Immunology. Eating in to avoid infection. Science 315, 1376-
1377.

RENNARD SL, D.D., DONOHUE JF, MAGNUSSEEN H, SUTEHRLANS ER, WATYZ H, LU
S, STRYSAK P, ROSENBURG E, STAUDINGER H (2013). CXCR2 Antagonist MK-
7123 — a phase 2 proof of concept trial for chronic obstructive pulmonary disease.
Am | Respir Crit Care Med 187, A6071.

RESCH, B., GUSENLEITNER, W., and MUELLER, W.D. (2007). Risk of concurrent bacterial
infection in preterm infants hospitalized due to respiratory syncytial virus infection.
Acta Paediatrica 96, 495-498.

RICHER, M.J., LAVALLEE, D.J.,, SHANINA, I, and HORWITZ, M.S. (2009). Toll-Like
Receptor 3 Signalling on Macrophages Is Required for Survival Following
Coxsackievirus B4 Infection. PLOS ONE 4, e4127.

RIDER, C.F., KING, E.M., HOLDEN, N.S., GIEMBYCZ, M.A., and NEWTON, R. (2011).
Inflammatory Stimuli Inhibit Glucocorticoid-Dependent Transactivation in Human
Pulmonary Epithelial Cells: Rescue by Long-Acting B<sub>2</sub>-Adrenoceptor
Agonists. Journal of Pharmacology and Experimental Therapeutics 338, 860-869.

RIDER, C.F., MILLER-LARSSON, A., PROUD, D., GIEMBYCZ, M.A., and NEWTON, R.
(2013). Modulation of transcriptional responses by poly(l:C) and human rhinovirus:
Effect of long-acting B2-adrenoceptor agonists. Furopean Journal of Pharmacology
708, 60-67.

RIMA, B., BALKEMA-BUSCHMANN, A., DUNDON, W.G., DUPREX, P., EASTON, A.,
FOUCHIER, R., KURATH, G., LAMB, R., LEE, B., ROTA, P., WANG, L., and
CONSORTIUM, LR. (2019). ICTV Virus Taxonomy Profile: Paramyxoviridae.
Journal of General Virology 100, 1593-1594.

RIVIECCIO, M.A., SUH, H.-S., ZHAO, Y., ZHAO, M.-L., CHIN, K.C., LEE, S.C., and
BROSNAN, C.F. (2006). TLR3 Ligation Activates an Antiviral Response in Human
Fetal Astrocytes: A Role for Viperin/cig5. The Journal of Immunology 177, 4735.

ROBERTS, N.J., HISCOTT, J., and SIGNS, D.. (1992). The limited role of the human
interferon system response to respiratory syncytial virus challenge: analysis and
comparison to influenza virus challenge. Microbial Pathogenesis 12, 409-414.

ROBINSON, P.J., HEGELE, R.G., and SCHELLENBERG, R.R. (1997). Allergic sensitization
increases airway reactivity in guinea pigs with respiratory syncytial virus
bronchiolitis. Journal of Allergy and Clinical Immunology 100, 492-498.

RODRIGO, G.J., RODRIGO, C., and HALL, J.B. (2004). Acute Asthma in Adults: A Review.
CHEST 125, 1081-1102.

ROSE, M.C. (1992). Mucins: structure, function, and role in pulmonary diseases. American
Journal of Physiology-Lung Cellular and Molecular Physiology 263, L413-L429.

ROSENDAHL, A., CHECCHIN, D., FEHNIGER, T.E., TEN DIJKE, P., HELDIN, C.-H., and
SIDERAS, P. (2001). Activation of the TGF- B /Activin-Smad2 Pathway during
Allergic Airway Inflammation. American Journal of Respiratory Cell and Molecular
Biology 25, 60-68.

213



REFERENCES

ROTHENFUSSER, S., GOUTAGNY, N., DIPERNA, G., GONG, M., MONKS, B.G.,
SCHOENEMEYER, A, YAMAMOTO, M., AKIRA, S. and FITZGERALD, K.A.
(2005). The RNA Helicase Lgp2 Inhibits TLR-Independent Sensing of Viral
Replication by Retinoic Acid-Inducible Gene-l. The Journal of Immunology 175,
5260.

RUCKWARDT, TJ., MALLOY, AM.W. GOSTICK, E., PRICE, D.A., DASH, P,
MCCLAREN, J.L., THOMAS, P.G., and GRAHAM, B.S. (2011). Neonatal CD8 T-
cell Hierarchy Is Distinct from Adults and Is Influenced by Intrinsic T cell Properties
in Respiratory Syncytial Virus Infected Mice. PLOS Pathogens 7, e1002377.

RUDD, B.D., BURSTEIN, E., DUCKETT, C.S., LI, X., and LUKACS, N.W. (2005).
Differential role for TLR3 in respiratory syncytial virus-induced chemokine
expression. Journal of virology 79, 3350-3357.

RUDD, B.D., SMIT, J.J., FLAVELL, R.A., ALEXOPOULOU, L., SCHALLER, M.A., GRUBER,
A., BERLIN, A.A., and LUKACS, N.W. (2006). Deletion of TLR3 Alters the
Pulmonary Immune Environment and Mucus Production during Respiratory
Syncytial Virus Infection. The Journal of Inmunology 176, 1937.

RUSSELL, C.D., UNGER, S.A.,, WALTON, M., and SCHWARZE, ). (2017). The Human
Immune Response to Respiratory Syncytial Virus Infection. Clinical microbiology
reviews 30, 481-502.

SABBAH, A., CHANG, T.H., HARNACK, R., FROHLICH, V., TOMINAGA, K., DUBE, P.H.,
XIANG, Y., and BOSE, S. (2009). Activation of innate immune antiviral responses
by Nod2. Nat Immunol 10, 1073-1080.

SAITO, T., HIRAI, R., LOO, Y.-M., OWEN, D., JOHNSON, C.L., SINHA, S.C., AKIRA, S.,
FUJITA, T., and GALE, M. (2007). Regulation of innate antiviral defenses through a
shared repressor domain in RIG-I and LGP2. Proceedings of the National Academy
of Sciences 104, 582-587.

SALEM, S., HARRIS, T., MOK, J.S.L., LI, M.Y.S., KEENAN, C.R., SCHULIGA, M.J., and
STEWART, A.G. (2012). Transforming growth factor-B impairs glucocorticoid
activity in the A549 lung adenocarcinoma cell line. British journal of pharmacology
166, 2036-2048.

SALTIS, J. (1996). TGF-B: receptors and cell cycle arrest. Molecular and Cellular
Endocrinology 116, 227-232.

SAN-JUAN-VERGARA, H., SAMPAYO-ESCOBAR, V., REYES, N., CHA, B., PACHECO-
LUGO, L., WONG, T., PEEPLES, M.E., COLLINS, P.L., CASTANO, M.E., and
MOHAPATRA, S.S. (2012). Cholesterol-Rich Microdomains as Docking Platforms
for Respiratory Syncytial Virus in Normal Human Bronchial Epithelial Cells. Journal
of Virology 86, 1832-1843.

SANJUAN, M.A., DILLON, C.P., TAIT, S.W.G., MOSHIACH, S., DORSEY, F., CONNELL,
S., KOMATSU, M., TANAKA, K., CLEVELAND, J.L., WITHOFF, S., and GREEN,
D.R. (2007). Toll-like receptor signalling in macrophages links the autophagy
pathway to phagocytosis. Nature 450, 1253-1257.

SATO, S., SUGIYAMA, M., YAMAMOTO, M., WATANABE, Y., KAWAI, T., TAKEDA, K.,
and AKIRA, S. (2003). Toll/IL-1 Receptor Domain-Containing Adaptor Inducing
IFN-B (TRIF) Associates with TNF Receptor-Associated Factor 6 and TANK-Binding
Kinase 1, and Activates Two Distinct Transcription Factors, NF-kB and IFN-
Regulatory Factor-3, in the Toll-Like Receptor Signalling. The Journal of
Immunology 171, 4304.

SATOH, T., KATO, H., KUMAGAI, Y., YONEYAMA, M., SATO, S., MATSUSHITA, K.,
TSUJIMURA, T., FUJITA, T., AKIRA, S., and TAKEUCHI, O. (2010). LGP2 is a
positive regulator of RIG-I- and MDA5-mediated antiviral responses. Proceedings
of the National Academy of Sciences of the United States of America 107, 1512-
1517.

214



REFERENCES

SAUTY, A., DZIEJMAN, M., TAHA, R.A., IAROSSI, A.S., NEOTE, K., GARCIA-ZEPEDA,
E.A., HAMID, Q., and LUSTER, A.D. (1999). The T cell-specific CXC chemokines
IP-10, Mig, and I-TAC are expressed by activated human bronchial epithelial cells.
J Immunol 162, 3549-3558.

SCHAKMAN, O., KALISTA, S., BARBE, C., LOUMAYE, A., and THISSEN, J.P. (2013).
Glucocorticoid-induced skeletal muscle atrophy. Int | Biochem Cell Biol 45, 2163-
2172.

SCHENKEL, J.M., FRASER, K.A., CASEY, K.A., BEURA, L.K., PAUKEN, K.E., VEZYS, V., and
MASOPUST, D. (2016). IL-15-Independent Maintenance of Tissue-Resident and
Boosted Effector Memory CD8 T Cells. Journal of immunology (Baltimore, Md. :
1950) 196, 3920-3926.

SCHLENDER, J.,, HORNUNG, V., FINKE, S., GUNTHNER-BILLER, M., MAROZIN, S.,
BRZOZKA, K., MOGHIM, S., ENDRES, S., HARTMANN, G., and CONZELMANN,
K.-K. (2005). Inhibition of toll-like receptor 7- and 9-mediated alpha/beta interferon
production in human plasmacytoid dendritic cells by respiratory syncytial virus and
measles virus. Journal of virology 79, 5507-5515.

SCHREINER, B., VOSS, J., WISCHHUSEN, J., DOMBROWSKI, Y., STEINLE, A.,
LOCHMULLER, H., DALAKAS, M., MELMS, A., and WIENDL, H. (2005).
Expression of toll-like receptors by human muscle cells in vitro and in vivo: TLR3
is highly expressed in inflammatory and HIV myopathies, mediates IL-8 release and
up-regulation of NKG2D-ligands. The FASEB Journal 20, 118-120.

SCHWARTZ, J., SARTINI, D., and HUBER, S. (2004). Myocarditis susceptibility in female
mice depends upon ovarian cycle phase at infection. Virology 330, 16-23.
SCHWARZE, J., O'DONNELL, D.R., ROHWEDDER, A., and OPENSHAW, P.J.M. (2004).
Latency and Persistence of Respiratory Syncytial Virus Despite T Cell Immunity.

American Journal of Respiratory and Critical Care Medicine 169, 801-805.

SEOK, J., WARREN, H.S., CUENCA, A.G., MINDRINOS, M.N., BAKER, H.V., XU, W,,
RICHARDS, D.R., MCDONALD-SMITH, G.P., GAO, H. HENNESSY, L.,
FINNERTY, C.C., LOPEZ, C.M., HONARI, S., MOORE, E.E., MINEI, J.P.,
CUSCHIERI, J., BANKEY, P.E., JOHNSON, J.L., SPERRY, J., NATHENS, A.B.,
BILLIAR, T.R., WEST, M.A., JESCHKE, M.G., KLEIN, M.B., GAMELLI, R.L., GIBRAN,
N.S., BROWNSTEIN, B.H., MILLER-GRAZIANO, C., CALVANO, S.E., MASON,
P.H., COBB, J.P., RAHME, L.G., LOWRY, S.F., MAIER, R.V., MOLDAWER, L.L.,
HERNDON, D.N., DAVIS, RW., XIAO, W., and TOMPKINS, R.G. (2013).
Genomic responses in mouse models poorly mimic human inflammatory diseases.
Proc Natl Acad Sci U S A 110, 3507-3512.

SHIBUTANI, S.T., SAITOH, T., NOWAG, H., MUNZ, C., and YOSHIMORI, T. (2015).
Autophagy and autophagy-related proteins in the immune system. Nature
Immunology 16, 1014.

SHIMOJO, Y.I., ARIMA, T., and KOHNO, Y. (2006). Toll-like receptor 2 as a functional
receptor to respiratory syncytial virus. Journal of Allergy and Clinical Immunology
210, 809.

SHIREY, K.A., LAI, W., SCOTT, A.J., LIPSKY, M., MISTRY, P., PLETNEVA, L.M., KARP, C.L.,
MCALEES, J., GIOANNINI, T.L., WEISS, J., CHEN, W.H. ERNST, RK.,
ROSSIGNOL, D.P., GUSOVSKY, F., BLANCO, J.C., and VOGEL, S.N. (2013). The
TLR4 antagonist Eritoran protects mice from lethal influenza infection. Nature 497,
498-502.

SHRESTHA, J., RAZAVI BAZAZ, S., ABOULKHEYR ES, H., YAGHOBIAN AZARI, D.,
THIERRY, B., EBRAHIMI WARKIANI, M., and GHADIRI, M. (2020). Lung-on-a-
chip: the future of respiratory disease models and pharmacological studies. Critical
Reviews in Biotechnology 40, 213-230.

215



REFERENCES

SHRIVASTAV, M., and NIEWOLD, T. (2013). Nucleic Acid Sensors and Type | Interferon
Production in Systemic Lupus Erythematosus. Frontiers in immunology 4, 319.

SHULL, M.M., ORMSBY, 1., KIER, A.B., PAWLOWSKI, S., DIEBOLD, R.J., YIN, M., ALLEN,
R., SIDMAN, C., PROETZEL, G., CALVIN, D., and ET AL. (1992). Targeted
disruption of the mouse transforming growth factor-beta 1 gene results in multifocal
inflammatory disease. Nature 359, 693-699.

SIGURS, N., ALJASSIM, F., KJELLMAN, B., ROBINSON, P.D., SIGURBERGSSON, F.,
BJARNASON, R., and GUSTAFSSON, P.M. (2010). Asthma and allergy patterns
over 18 years after severe RSV bronchiolitis in the first year of life. Thorax 65, 1045-
1052.

SIN, D.D., MAN, J., SHARPE, H., GAN, W.Q., and MAN, S.F. (2004). Pharmacological
management to reduce exacerbations in adults with asthma: a systematic review
and meta-analysis. Jama 292, 367-376.

SINGAM, R., JENA, P.K., BEHERA, S., HELLERMANN, G.R., LOCKEY, R.F., LEDFORD, D.,
and MOHAPATRA, S.S. (2006). Combined fluticasone propionate and salmeterol
reduces RSV infection more effectively than either of them alone in allergen-
sensitized mice. Virology journal 3, 32-32.

SINGEL, K.L., and SEGAL, B.H. (2016). NOX2-dependent regulation of inflammation. Clin
Sci (Lond) 130, 479-490.

SINGH, D., MCCANN, K.L., and IMANI, F. (2007). MAPK and heat shock protein 27
activation are associated with respiratory syncytial virus induction of human
bronchial epithelial monolayer disruption. American Journal of Physiology-Lung
Cellular and Molecular Physiology 293, L436-L445.

SIU, K.-L., KOK, K.-H., NG, M.-H.J., POON, V.K.M., YUEN, K.-Y., ZHENG, B.J., and JIN,
D.-Y. (2009). Severe Acute Respiratory Syndrome Coronavirus M Protein Inhibits

Type | Interferon  Production by Impeding the Formation of
TRAF3-TANK-TBK1/IKKe Complex. Journal of Biological Chemistry 284, 16202-
16209.

SLATER, L., BARTLETT, N.W., HAAS, J.J., ZHU, J., MESSAGE, S.D., WALTON, R.P., SYKES,
A., DAHDALEH, S., CLARKE, D.L., BELVIS, M.G., KON, O.M., FUJITA, T,
JEFFERY, P.K., JOHNSTON, S.L., and EDWARDS, M.R. (2010). Co-ordinated Role
of TLR3, RIG-I and MDAS5 in the Innate Response to Rhinovirus in Bronchial
Epithelium. Plos One 6.

SMITH, C.M., KULKARNI, H., RADHAKRISHNAN, P., RUTMAN, A., BANKART, M.,
WILLIAMS, G., HIRST, R.A., EASTON, A.J., ANDREW, P.W., and O’'CALLAGHAN,
C. (2014). Ciliary dyskinesia is an early feature of respiratory syncytial virus
infection. European Respiratory Journal 43, 485.

SOLER, M., MATZ, J., TOWNLEY, R., BUHL, R., O'BRIEN, J., FOX, H., THIRLWELL, J.,
GUPTA, N., and DELLA CIOPPA, G. (2001). The anti-IgE antibody omalizumab
reduces exacerbations and steroid requirement in allergic asthmatics. Eur Respir |
18, 254-261.

SOMERS, C.C., AHMAD, N., MEJIAS, A., BUCKINGHAM, S.C., CARUBELLI, C., KATZ, K.,
LEOS, N., GOMEZ, A.M., DEVINCENZO, J.P., RAMILO, O., and JAFRI, H.S.
(2009). Effect of dexamethasone on respiratory syncytial virus-induced lung
inflammation in children: results of a randomized, placebo controlled clinical trial.
Pediatric Allergy and Immunology 20, 477-485.

SONG, W., LIU, G., BOSWORTH, C.A., WALKER, J.R.,, MEGAW, G.A., LAZRAK, A.,
ABRAHAM, E., SULLENDER, W.M., and MATALON, S. (2009). Respiratory
syncytial virus inhibits lung epithelial Na+ channels by up-regulating inducible
nitric-oxide synthase. The Journal of biological chemistry 284, 7294-7306.

SONT, J.K., WILLEMS, L.N.A., BEL, E.H., VAN KRIEKEN, J.H.J.M., VANDENBROUCKE,
J.P., and STERK, P.J. (1999). Clinical Control and Histopathologic Outcome of

216



REFERENCES

Asthma when Using Airway Hyperresponsiveness as an Additional Guide to Long-
Term Treatment. American Journal of Respiratory and Critical Care Medicine 159,
1043-1051.

SOUCY-FAULKNER, A., MUKAWERA, E., FINK, K., MARTEL, A., JOUAN, L., NZENGUE,
Y., LAMARRE, D., VANDE VELDE, C., and GRANDVAUX, N. (2010). Requirement
of NOX2 and Reactive Oxygen Species for Efficient RIG-I-Mediated Antiviral
Response through Regulation of MAVS Expression. PLOS Pathogens 6, e1000930.

SOUSA, AR., LANE, S.J., CIDLOWSKI, J.A., STAYNOV, D.Z., and LEE, T.H. (2000).
Glucocorticoid resistance in asthma is associated with elevated in vivo expression
of the glucocorticoid receptor beta-isoform. J Allergy Clin Immunol 105, 943-950.

STARK, J.M., MCDOWELL, S.A., KOENIGSKNECHT, V., PROWS, D.R., LEIKAUF, J.E., LE
VINE, A.M., and LEIKAUF, G.D. (2002). Genetic susceptibility to respiratory
syncytial virus infection in inbred mice. | Med Virol 67, 92-100.

STEINER, R.W. (2004). Treating acute bronchiolitis associated with RSV. American Family
Physician 69, 325-330.

STEPHENS, L.M., and VARGA, S.M. (2020). Function and Modulation of Type I Interferons
during Respiratory Syncytial Virus Infection. Vaccines 8, 177.

STEWART, C.E., TORR, E.E., MOHD JAMILI, N.H., BOSQUILLON, C., and SAYERS, I.
(2012). Evaluation of Differentiated Human Bronchial Epithelial Cell Culture
Systems for Asthma Research. Journal of Allergy 2012, 11.

STOBART, C.C., ROSTAD, C.A., KE, Z., DILLARD, R.S., HAMPTON, C.M., STRAUSS, J.D.,
Y1, H., HOTARD, A.L., MENG, ., PICKLES, R.J., SAKAMOTO, K., LEE, S., CURRIER,
M.G., MOIN, S.M., GRAHAM, B.S., BOUKHVALOVA, M.S., GILBERT, B.E,,
BLANCO, J.C.G., PIEDRA, P.A., WRIGHT, E.R., and MOORE, M.L. 2016). A live
RSV vaccine with engineered thermostability is immunogenic in cotton rats despite
high attenuation. Nature Communications 7, 13916.

STOECKLIN, E., WISSLER, M., SCHAETZLE, D., PFITZNER, E., and GRONER, B. (1999).
Interactions in the transcriptional regulation exerted by Stat5 and by members of
the steroid hormone receptor family. / Steroid Biochem Mol Biol 69, 195-204.

STOKES, K.L.,, CHI, M.H., SAKAMOTO, K., NEWCOMB, D.C., CURRIER, M.G.,
HUCKABEE, M.M., LEE, S., GOLENIEWSKA, K., PRETTO, C., WILLIAMS, J.V.,
HOTARD, A., SHERRILL, T.P., PEEBLES, R.S., JR., and MOORE, M.L. (2011).
Differential pathogenesis of respiratory syncytial virus clinical isolates in BALB/c
mice. Journal of virology 85, 5782-5793.

STOWELL, N., SEIDEMAN, J., RAYMOND, H., SMALLEY, K., LAMB, R., EGENOLF, D.,
BUGELSKI, P., MURRAY, L., MARSTERS, P., BUNTING, R., FLAVELL, R.,
ALEXOPOULOU, L., SAN MATEQO, L., GRISWOLD, D., SARISKY, R., MBOW,
M.L., and DAS, A. (2009). Long-term activation of TLR3 by Poly(l:C) induces
inflammation and impairs lung function in mice. Respiratory Research 10, 43.

SU, X., LEE, J.W., MATTHAY, Z.A., MEDNICK, G., UCHIDA, T., FANG, X., GUPTA, N.,
and MATTHAY, M.A. (2007). Activation of the a7 nAChR Reduces Acid-Induced
Acute Lung Injury in Mice and Rats. American Journal of Respiratory Cell and
Molecular Biology 37, 186-192.

SUAU, S.J., and DEBLIEUX, P.M.C. (2016). Management of Acute Exacerbation of Asthma
and Chronic Obstructive Pulmonary Disease in the Emergency Department.
Emergency Medicine Clinics of North America 34, 15-37.

SUI, X., KONG, N., ZHU, M., WANG, X., LOU, F., HAN, W., and PAN, H. (2014).
Cotargeting EGFR and autophagy signalling: A novel therapeutic strategy for non-
small-cell lung cancer. Molecular and clinical oncology 2, 8-12.

SUN, S.-C., CHANG, J.-H., and JIN, J. (2013). Regulation of nuclear factor-kB in
autoimmunity. Trends in immunology 34, 282-289.

217



REFERENCES

SUN, Y., and LOPEZ, C.B. (2017). The innate immune response to RSV: Advances in our
understanding of critical viral and host factors. Vaccine 35, 481-488.

SURJIT, M., GANTI, K.P., MUKHERJI, A., YE, T., HUA, G., METZGER, D., LI, M., and
CHAMBON, P. (2011). Widespread negative response elements mediate direct
repression by agonist-liganded glucocorticoid receptor. Cell 145, 224-241.

SWAMINATHAN, G., ROSSI, F., SIERRA, L.-J., GUPTA, A., NAVAS-MARTIN, S., and
MARTIN-GARCIA, J. (2012). A Role for microRNA-155 Modulation in the Anti-
HIV-1 Effects of Toll-Like Receptor 3 Stimulation in Macrophages. PLOS Pathogens
8, e1002937.

SYKES, A., MACINTYRE, J., EDWARDS, M.R., DEL ROSARIO, A., HAAS, J., GIELEN, V.,
KON, O.M., MCHALE, M., and JOHNSTON, S.L. (2014). Rhinovirus-induced
interferon production is not deficient in well controlled asthma. Thorax 69, 240-
246.

TAGUCHI, K., MOTOHASHI, H., and YAMAMOTO, M. (2011). Molecular mechanisms
of the Keap1-Nrf2 pathway in stress response and cancer evolution. Genes Cells
16, 123-140.

TAKAMURA, S. (2018). Niches for the Long-Term Maintenance of Tissue-Resident Memory
T Cells. Frontiers in Immunology 9.

TAKEUCHI, O., and AKIRA, S. (2010). Pattern Recognition Receptors and Inflammation.
Cell 140, 805-820.

TAM, A., WADSWORTH, S., DORSCHEID, D., MAN, S.F., and SIN, D.D. (2011). The
airway epithelium: more than just a structural barrier. Ther Adv Respir Dis 5, 255-
273.

TAMM, M., RICHARDS, D.H., BEGHE, B., and FABBRI, L. (2012). Inhaled corticosteroid
and long-acting B2-agonist pharmacological profiles: effective asthma therapy in
practice. Respiratory Medicine 106, S9-S19.

TAN, C., XUAN, L., CAO, S., YU, G., HOU, Q., and WANG, H. (2016). Decreased Histone
Deacetylase 2 (HDAC2) in Peripheral Blood Monocytes (PBMCs) of COPD Patients.
PLoS One 11, e0147380.

TANNOCK, G.A., HIERHOLZER, J.C., BRYCE, D.A., CHEE, C.-F., and PAUL, J.A. (1987).
Freeze-drying of respiratory syncytial viruses for transportation and storage. Journal
of clinical microbiology 25, 1769-1771.

TAO, T., LAN, J., LUKACS, G.L, HACHE, R.J., and KAPLAN, F. (2006). Importin 13
regulates nuclear import of the glucocorticoid receptor in airway epithelial cells.
Am | Respir Cell Mol Biol 35, 668-680.

TATEMATSU, M., FUNAMI, K., SEYA, T., and MATSUMOTO, M. (2018). Extracellular
RNA Sensing by Pattern Recognition Receptors. Journal of Innate Immunity 10,
398-406.

TATEMATSU, M., NISHIKAWA, F., SEYA, T., and MATSUMOTO, M. (2013). Toll-like
receptor 3 recognizes incomplete stem structures in single-stranded viral RNA.
Nature Communications 4, 1833.

TATLER, A.L., and JENKINS, G. (2012). TGF-B Activation and Lung Fibrosis. Proceedings
of the American Thoracic Society 9, 130-136.

TAYLOR, G. (2017). Animal models of respiratory syncytial virus infection. Vaccine 35,
469-480.

TAYLOR, G., STOTT, E.J., HUGHES, M., and COLLINS, A.P. (1984). Respiratory syncytial
virus infection in mice. Infect Immun 43, 649-655.

TEKKANAT, K.K., MAASSAB, H., MILLER, A., BERLIN, A.A., KUNKEL, S.L., and LUKACS,
N.W. (2002). RANTES (CCL5) production during primary respiratory syncytial virus
infection exacerbates airway disease. European Journal of Inmunology 32, 3276-
3284.

218



REFERENCES

TERNETTE, N., WRIGHT, C., KRAMER, H.B., ALTUN, M., and KESSLER, B.M. (2011).
Label-free quantitative proteomics reveals regulation of interferon-induced protein
with tetratricopeptide repeats 3 (IFIT3) and 5'-3'-exoribonuclease 2 (XRN2) during
respiratory syncytial virus infection. Virology journal 8, 442-442.

THIBAUT, H.J., DE PALMA, AM., and NEYTS, J. (2012). Combating enterovirus
replication: state-of-the-art on antiviral research. Biochem Pharmacol 83, 185-192.

THOMAS, K.W., MONICK, M.M., STABER, .M., YAROVINSKY, T., CARTER, A.B., and
HUNNINGHAKE, G.W. (2002). Respiratory Syncytial Virus Inhibits Apoptosis and
Induces NF-kB Activity through a Phosphatidylinositol 3-Kinase-dependent
Pathway*. Journal of Biological Chemistry 277, 492-501.

THOMAS, L.H., FRIEDLAND, }.S., SHARLAND, M., and BECKER, S. (1998). Respiratory
Syncytial Virus-Induced RANTES Production from Human Bronchial Epithelial
Cells Is Dependent on Nuclear Factor-kB Nuclear Binding and Is Inhibited by
Adenovirus-Mediated Expression of Inhibitor of kBa. The Journal of Immunology
161, 1007-1016.

THOMPSON, M.R., KAMINSKI, J.J., KURT-JONES, E.A., and FITZGERALD, K.A. (2011).
Pattern Recognition Receptors and the Innate Immune Response to Viral Infection.
Viruses 3.

THOMPSON, W.W., SHAY, D.K., WEINTRAUB, E., and ET AL. (2003). MOrtality
associated with influenza and respiratory syncytial virus in the united states. JAMA
289, 179-186.

THUMERELLE, C., DESCHILDRE, A., BOUQUILLON, C., SANTOS, C., SARDET, A,
SCALBERT, M., DELBECQUE, L., DEBRAY, P., DEWILDE, A., TURCK, D., and
LECLERC, F. (2003). Role of viruses and atypical bacteria in exacerbations of
asthma in hospitalized children: a prospective study in the Nord-Pas de Calais
region (France). Pediatric pulmonology 35, 75-82.

TIAN, B., ZHANG, Y., LUXON, B.A., GAROFALO, R.P., CASOLA, A., SINHA, M., and
BRASIER, A.R. (2002). Identification of NF-kappaB-dependent gene networks in
respiratory syncytial virus-infected cells. Journal of virology 76, 6800-6814.

TOGASHI, Y., SHITARA, K., and NISHIKAWA, H. (2019). Regulatory T cells in cancer
immunosuppression — implications for anticancer therapy. Nature Reviews
Clinical Oncology 16, 356-371.

TOGIAS, A. (2004). Systemic effects of local allergic disease. Journal of Allergy and Clinical
Immunology 113, S8-514.

TORREGO, A., HEW, M., OATES, T., SUKKAR, M., and FAN CHUNG, K. (2007).
Expression and activation of TGF-beta isoforms in acute allergen-induced
remodelling in asthma. Thorax 62, 307-313.

TRAUB, S., NIKONOVA, A., CARRUTHERS, A., DUNMORE, R., VOUSDEN, K.A.,
GOGSADZE, L., HAO, W., ZHU, Q., BERNARD, K., ZHU, J., DYMOND, M.,
MCLEAN, G.R., WALTON, R.P., GLANVILLE, N., HUMBLES, A., KHAITOV, M.,
WELLS, T., KOLBECK, R., LEISHMAN, A.J., SLEEMAN, M.A., BARTLETT, N.W., and
JOHNSTON, S.L. (2013). An anti-human ICAM-1 antibody inhibits rhinovirus-
induced exacerbations of lung inflammation. PLoS Pathog 9, e1003520.

TSAL S.-Y., SEGOVIA, J.A., CHANG, T.-H., SHIL, N.K., POKHAREL, S.M., KANNAN, T.R,,
BASEMAN, J.B., DEFRENE, J., PAGE, N., CESARO, A., TESSIER, P.A., and BOSE, S.
(2015). Regulation of TLR3 Activation by S100A9. journal of immunology
(Baltimore, Md. : 1950) 195, 4426-4437.

TSE, H.N., RAITERI, L., WONG, K.Y., YEE, K.S., NG, L.Y., WA, K.Y., LOO, C.K., and
CHAN, M.H. (2013). High-dose N-acetylcysteine in stable COPD: the 1-year,
double-blind, randomized, placebo-controlled HIACE study. Chest 144, 106-118.

219



REFERENCES

TSUJIMURA, S., SAITO, K., NAWATA, M., NAKAYAMADA, S., and TANAKA, Y. (2008).
Overcoming drug resistance induced by P-glycoprotein on lymphocytes in patients
with refractory rheumatoid arthritis. Ann Rheum Dis 67, 380-388.

TURNER, R.B., WECKER, M.T., POHL, G., WITEK, T.J., MCNALLY, E., ST GEORGE, R.,
WINTHER, B., and HAYDEN, F.G. (1999). Efficacy of tremacamra, a soluble
intercellular adhesion molecule 1, for experimental rhinovirus infection: a
randomized clinical trial. Jama 281, 1797-1804.

TURRENS, J.F. (2003). Mitochondrial formation of reactive oxygen species. The Journal of
physiology 552, 335-344.

TURUNEN, R., KOISTINEN, A., VUORINEN, T., ARKU, B., SODERLUND-VENERMO, M.,
RUUSKANEN, O., and JARTTI, T. (2014). The first wheezing episode: respiratory
virus etiology, atopic characteristics, and illness severity. Pediatric allergy and
immunology : official publication of the European Society of Pediatric Allergy and
Immunology 25, 796-803.

UCHIDA, T., SHIRASAWA, M. WARE, L.B., KOJIMA, K., HATA, Y., MAKITA, K.,
MEDNICK, G., MATTHAY, Z.A., and MATTHAY, M.A. (2006). Receptor for
Advanced Glycation End-Products Is a Marker of Type | Cell Injury in Acute Lung
Injury. American Journal of Respiratory and Critical Care Medicine 173, 1008-1015.

UEDA, K., NISHIMOTO, Y., KIMURA, G., MASUKO, T., BARNES, PJ., ITO, K., and
KIZAWA, Y. (2016). Repeated lipopolysaccharide exposure causes corticosteroid
insensitive airway inflammation via activation of phosphoinositide-3-kinase &
pathway. Biochemistry and biophysics reports 7, 367-373.

UENO, K., KOGA, T., KATO, K., GOLENBOCK, D.T., GENDLER, S.J., KAI, H., and KIM,
K.C. (2008). MUCT mucin is a negative regulator of toll-like receptor signalling.
American journal of respiratory cell and molecular biology 38, 263-268.

UETA, M., HAMURGO, J., KIYONO, H., and KINOSHITA, S. (2005). Triggering of TLR3 by
polyl:C in human corneal epithelial cells to induce inflammatory cytokines.
Biochem Biophys Res Commun 331, 285-294.

UHLENHAUT, N.H., BARISH, G.D., YU, R.T., DOWNES, M., KARUNASIRI, M., LIDDLE,
C., SCHWALIE, P., HUBNER, N., and EVANS, R.M. (2013). Insights into negative
regulation by the glucocorticoid receptor from genome-wide profiling of
inflammatory cistromes. Mol Cell 49, 158-171.

UNDEVIA, N.S., DORSCHEID, D.R., MARROQUIN, B.A., GUGLIOTTA, W.L., TSE, R,,
and WHITE, S.R. (2004). Smad and p38-MAPK signalling mediates apoptotic effects
of transforming growth factor-1 in human airway epithelial cells. American Journal
of Physiology-Lung Cellular and Molecular Physiology 287, L515-L524.

UNNIYAMPURATH, U., PILANKATTA, R., and KRISHNAN, M.NN. (2016). RNA
Interference in the Age of CRISPR: Will CRISPR Interfere with RNAi? Int ] Mol Sci

17, 291.
VAN BOGAERT, T., VANDEVYVER, S., DEJAGER, L., VAN HAUWERMEIREN, F.,
PINHEIRO, 1., PETTA, I, ENGBLOM, D. KLEYMAN, A. SCHUTZ G.,

TUCKERMANN, J., and LIBERT, C. (2011). Tumor necrosis factor inhibits
glucocorticoid receptor function in mice: a strong signal toward lethal shock. / Biol
Chem 286, 26555-26567.

VAN DIEPEN, A., BRAND, H.K., SAMA, 1., LAMBOOY, L.H., VAN DEN HEUVEL, L.P.,
VAN DER WELL, L., HUYNEN, M., OSTERHAUS, A.D., ANDEWEG, A.C., and
HERMANS, P.W. (2010). Quantitative proteome profiling of respiratory virus-
infected lung epithelial cells. / Proteomics 73, 1680-1693.

VAN ERP, E.A., LAKERVELD, A.J., MULDER, H.L., LUYTJES, W., FERWERDA, G., and VAN
KASTEREN, P.B. (2019). Pathogenesis of Respiratory Syncytial Virus Infection in
BALB/c Mice Differs Between Intratracheal and Intranasal Inoculation. Viruses 11,
508.

220



REFERENCES

VAN SCHAIK, S.M., ENHORNING, G., VARGAS, I.,, and WELLIVER, R.C. (1998).
Respiratory Syncytial Virus Affects Pulmonary Function in BALB/c Mice. The
Journal of Infectious Diseases 177, 269-276.

VAREILLE, M., KIENINGER, E., EDWARDS, M.R., and REGAMEY, N. (2011). The Airway
Epithelium: Soldier in the Fight against Respiratory Viruses. Clinical Microbiology
Reviews 24, 210.

VELISSARIOU, I., and PAPADOPOULOS, N. (2006). The Role of Respiratory Viruses in the
Pathogenesis of Pediatric Asthma. Pediatric annals 35, 637-642.

VILLENAVE, R., BROADBENT, L., DOUGLAS, I., LYONS, J.D., COYLE, P.V., TENG, M.N.,
TRIPP, R.A., HEANEY, L.G., SHIELDS, M.D., and POWER, U.F. (2015). Induction
and Antagonism of Antiviral Responses in Respiratory Syncytial Virus-Infected
Pediatric Airway Epithelium. Journal of virology 89, 12309-12318.

VILLENAVE, R, THAVAGNANAM, S., SARLANG, S., PARKER, J., DOUGLAS, 1.,
SKIBINSKI, G., HEANEY, L.G., MCKAIGUE, J.P., COYLE, P.V., SHIELDS, M.D., and
POWER, U.F. (2012). In vitro modeling of respiratory syncytial virus infection of
pediatric bronchial epithelium, the primary target of infection in vivo. Proceedings
of the National Academy of Sciences 109, 5040.

VINK, N.M., POSTMA, D.S., SCHOUTEN, J.P., ROSMALEN, J.G.M., and BOEZEN, H.M.
(2010). Gender differences in asthma development and remission during transition
through puberty: The TRacking Adolescents' Individual Lives Survey (TRAILS)
study. Journal of Allergy and Clinical Inmunology 126, 498-504.e496.

VISSERS, M., REMIJN, T., OOSTING, M., DE JONG, D.J., DIAVATOPOULQOS, D.A.,
HERMANS, P.W.M., and FERWERDA, G. (2012). Respiratory syncytial virus
infection augments NOD2 signalling in an IFN-B-dependent manner in human
primary cells. European Journal of Inmunology 42, 2727-2735.

VLAHOS, R., and SELEMIDIS, S. (2014). NADPH oxidases as novel pharmacologic targets
against influenza A virus infection. Mol Pharmacol 86, 747-759.

WADDELL, D.S., LIBERATI, N.T., GUO, X., FREDERICK, J.P., and WANG, X.F. (2004).
Casein kinase lepsilon plays a functional role in the transforming growth factor-beta
signalling pathway. / Biol Chem 279, 29236-29246.

WAGER, T.T., CHANDRASEKARAN, R.Y., BRADLEY, J., RUBITSKI, D., BERKE, H.,
MENTE, S., BUTLER, T., DORAN, A., CHANG, C., FISHER, K., KNAFELS, J., LIU,
S., OHREN, J., MARCONI, M., DEMARCO, G., SNEED, B., WALTON, K.,
HORTON, D., ROSADO, A., and MEAD, A. (2014). Casein Kinase 18/« Inhibitor
PF-5006739 Attenuates Opioid Drug-Seeking Behavior. ACS Chemical
Neuroscience 5, 1253-1265.

WALTERS, M.S., GOMI, K., ASHBRIDGE, B., MOORE, M.A.S., ARBELAEZ, V., HELDRICH,
J., DING, B.-S., RAFII, S., STAUDT, M.R., and CRYSTAL, R.G. (2013). Generation
of a human airway epithelium derived basal cell line with multipotent
differentiation capacity. Respiratory research 14, 135-135.

WANG, J., ZHU, Z., NOLFO, R., and ELIAS, J.A. (1999). Dexamethasone regulation of lung
epithelial cell and fibroblast interleukin-11 production. Am J Physiol 276, L175-
L185.

WANG, M.M., LU, M., ZHANG, C.L., WU, X., CHEN, J.X., LV, W.W., SUN, T., QIU, H.,
and HUANG, S.H. (2018). Oxidative stress modulates the expression of toll-like
receptor 3 during respiratory syncytial virus infection in human lung epithelial
A549 cells. Molecular Medicine Reports 18, 1867-1877.

WANG, Q., MILLER, D.J., BOWMAN, E.R., NAGARKAR, D.R., SCHNEIDER, D., ZHAO,
Y., LINN, MJ., GOLDSMITH, A.M. BENTLEY, J.K., SAJJAN, U.S., and
HERSHENSON, M.B. (2011). MDAS5 and TLR3 Initiate Pro-Inflammatory Signalling
Pathways Leading to Rhinovirus-Induced Airways Inflammation and
Hyperresponsiveness. PLOS Pathogens 7, e1002070.

221



REFERENCES

WATSON, A., SPALLUTO, C.M., MCCRAE, C., CELLURA, D., BURKE, H., CUNOOSAMY,
D., FREEMAN, A., HICKS, A., HUHN, M. OSTRIDGE, K., STAPLES, K.J.,
VAARALA, O., and WILKINSON, T. (2019). Dynamics of IFN-f3 Responses during
Respiratory Viral Infection. Insights for Therapeutic Strategies. American Journal of
Respiratory and Critical Care Medicine 201, 83-94.

WATT, P.J., ROBINSON, B.S., PRINGLE, C.R., and TYRREL, D.AJ. (1990). Determinants
of susceptibility to challenge and the antibody response of adult volunteers given
experimental respiratory syncytial virus vaccines. Vaccine 8, 231-236.

WEBSTER MARKETON, J.I., and CORRY, J. (2013a). Poly I:C and respiratory syncytial virus
(RSV) inhibit glucocorticoid receptor (GR)-mediated transactivation in lung
epithelial, but not monocytic, cell lines. Virus Research 176, 303-306.

WEBSTER MARKETON, J.I, and CORRY, J. (2013b). Respiratory syncytial virus (RSV)
suppression of glucocorticoid receptor phosphorylation does not account for
repression of transactivation. FEBS Open Bio 3, 305-309.

WEBSTER MARKETON, J.I., CORRY, J., and TENG, M.N. (2014). The respiratory syncytial
virus (RSV) nonstructural proteins mediate RSV suppression of glucocorticoid
receptor transactivation. Virology 449, 62-69.

WEIBEL, E.R. (2015). On the tricks alveolar epithelial cells play to make a good lung. Am
J Respir Crit Care Med 191, 504-513.

WELLIVER, T.P., GAROFALO, R.P., HOSAKOTE, Y., HINTZ, K.H., AVENDANO, L.,
SANCHEZ, K., VELOZO, L., JAFRI, H.,, CHAVEZ-BUENO, S., OGRA, P.L,
MCKINNEY, L., REED, J.L., and WELLIVER, R.C. (2007). Severe Human Lower
Respiratory Tract IlIness Caused by Respiratory Syncytial Virus and Influenza Virus
Is Characterized by the Absence of Pulmonary Cytotoxic Lymphocyte Responses.
The Journal of Infectious Diseases 195, 1126-1136.

WENZEL, S., FORD, L., PEARLMAN, D., SPECTOR, S., SHER, L., SKOBIERANDA, F.,
WANG, L., KIRKESSELI, S., ROCKLIN, R., BOCK, B., HAMILTON, J., MING, J.E.,
RADIN, A., STAHL, N., YANCOPOULOS, G.D., GRAHAM, N., and PIROZZI, G.
(2013). Dupilumab in persistent asthma with elevated eosinophil levels. N Engl J
Med 368, 2455-2466.

WONG, J.Y.W., RUTMAN, A., and O’'CALLAGHAN, C. (2005). Recovery of the ciliated
epithelium following acute bronchiolitis in infancy. Thorax 60, 582.

WORNLE, M., SAUTER, M., KASTENMULLER, K., RIBEIRO, A., and ROEDER, M. (2009).
Novel role of toll-like receptor 3, RIG-I and MDA5 in poly (I:C) RNA-induced
mesothelial inflammation. Mol Cell Biochem 322, 193-206.

WRIGHT, C., OLIVER, K.C., FENWICK, F.l.,, SMITH, N.M., and TOMS, G.L. (1997). A
monoclonal antibody pool for routine immunohistochemical detection of human
respiratory syncytial virus antigens in formalin-fixed, paraffin-embedded tissue. /
Pathol 182, 238-244.

WRIGHT, P.F., IKIZLER, M.R., GONZALES, R.A., CARROLL, K.N., JOHNSON, J.E., and
WERKHAVEN, J.A. (2005). Growth of respiratory syncytial virus in primary
epithelial cells from the human respiratory tract. / Virol 79, 8651-8654.

WRIGHT, P.F., SHINOZAKI, T., FLEET, W., SELL, S.H., THOMPSON, J., and KARZON,
D.T. (1976). Evaluation of a live, attenuated respiratory syncytial virus vaccine in
infants. / Pediatr 88, 931-936.

WU, W., TRAN, K.C., TENG, M.N., HEESOM, K.J., MATTHEWS, D.A., BARR, J.N., and
HISCOX, J.A. (2012). The interactome of the human respiratory syncytial virus NS1
protein highlights multiple effects on host cell biology. / Virol 86, 7777-7789.

XAGORARI, A., and CHLICHLIA, K. (2008). Toll-Like Receptors and Viruses: Induction of
Innate Antiviral Immune Responses. Open Microbiol J. 2, 49-59.

XAVIER-ELSAS, P., DA SILVA, C., #XE1, ALMEIDA, S.L.C., VIEIRA, B.M., MASID-DE-
BRITO, D., QUETO, T., #XFA, LIO, DE LUCA, B., VIEIRA, T.S.D.S., and GASPAR-

222



REFERENCES

ELSAS, M.I.C. (2015). The In Vivo Granulopoietic Response to Dexamethasone
Injection Is Abolished in Perforin-Deficient Mutant Mice and Corrected by
Lymphocyte Transfer from Nonsensitized Wild-Type Donors. Mediators of
Inflammation 2015, 12.

XIA, Y.C., RADWAN, A., KEENAN, C.R., LANGENBACH, S.Y., LI, M., RADOJICIC, D.,
LONDRIGAN, S.L., GUALANO, R.C., and STEWART, A.G. (2017). Glucocorticoid
Insensitivity in Virally Infected Airway Epithelial Cells Is Dependent on
Transforming Growth Factor-B Activity. PLOS Pathogens 13, e1006138.

XUE, Q., ZHOU, Z., LEl, X, LIU, X., HE, B., WANG, J., and HUNG, T. (2012). TRIM38
Negatively Regulates TLR3-Mediated IFN-f Signalling by Targeting TRIF for
Degradation. PLOS ONE 7, e46825.

YAMAGUCHI, M., NIIMI, A.,, MATSUMOTO, H., UEDA, T. TAKEMURA, M.,
MATSUOKA, H., JINNAI, M., OTSUKA, K., OGUMA, T., TAKEDA, T., ITO, I,
CHIN, K., and MISHIMA, M. (2008). Sputum levels of transforming growth factor-
betal in asthma: relation to clinical and computed tomography findings. / Investig
Allergol Clin Immunol 18, 202-206.

YAMAMOTO, M., SATO, S., HEMMI, H., HOSHINO, K., KAISHO, T., SANJO, H.,
TAKEUCHI, O., SUGIYAMA, M., OKABE, M., TAKEDA, K., and AKIRA, S. (2003).
Role of Adaptor TRIF in the MyD88-Independent Toll-Like Receptor Signalling
Pathway. Science 301, 640.

YANG, P., ZHENG, J.,, WANG, S., LIU, P., XIE, M., and ZHAO, D. (2015). Respiratory
syncytial virus nonstructural proteins 1 and 2 are crucial pathogenic factors that
modulate interferon signalling and Treg cell distribution in mice. Virology 485,223-
232.

YAO, X., HUANG, J., ZHONG, H., SHEN, N., FAGGIONI, R., FUNG, M., and YAO, Y.
(2014). Targeting interleukin-6 in inflammatory autoimmune diseases and cancers.
Pharmacol Ther 141, 125-139.

YELLIN, M., PALIIENKO, 1., BALANESCU, A., TER-VARTANIAN, S., TSELUYKO, V., XU,
L.A., TAO, X., CARDARELLI, P.M., LEBLANC, H., NICHOL, G., ANCUTA, C.,
CHIRIEAC, R., and LUO, A. (2012). A phase II, randomized, double-blind, placebo-
controlled study evaluating the efficacy and safety of MDX-1100, a fully human
anti-CXCL10 monoclonal antibody, in combination with methotrexate in patients
with rheumatoid arthritis. Arthritis Rheum 64, 1730-1739.

YEN, S., SOKOLENKO, S., MANOCHA, B., BLONDEEL, E.J., AUCOIN, M.G., PATRAS, A.,
DAYNOURI-PANCINO, F., and SASGES, M. (2014). Treating cell culture media
with UV irradiation against adventitious agents: minimal impact on CHO
performance. Biotechnol Prog 30, 1190-1195.

YOBOUA, F., MARTEL, A., DUVAL, A., MUKAWERA, E., and GRANDVAUX, N. (2010a).
Respiratory syncytial virus-mediated NF-kappa B p65 phosphorylation at serine
536 is dependent on RIG-I, TRAF6, and IKK beta. Journal of virology 84, 7267-
7277.

YOBOUA, F., MARTEL, A., DUVAL, A., MUKAWERA, E., and GRANDVAUX, N. (2010b).
Respiratory Syncytial Virus-Mediated NF-kB p65 Phosphorylation at Serine 536 Is
Dependent on RIG-I, TRAF6, and IKK. Journal of Virology 84, 7267-7277.

YONEYAMA, M., and FUJITA, T. (2010). Recognition of viral nucleic acids in innate
immunity. Reviews in Medical Virology 20, 4-22.

YONEYAMA, M., KIKUCHI, M., MATSUMOTO, K., IMAIZUMI, T., MIYAGISHI, M.,
TAIRA, K., FOY, E., LOO, Y.-M., GALE, M., AKIRA, S., YONEHARA, S., KATO, A.,
and FUJITA, T. (2005). Shared and Unique Functions of the DExD/H-Box Helicases
RIG-I, MDAS5, and LGP2 in Antiviral Innate Immunity. The Journal of Immunology
175, 2851-2858.

223



REFERENCES

YONEYAMA, M., KIKUCHI, M., NATSUKAWA, T., SHINOBU, N., IMAIZUMI, T.,
MIYAGISHI, M., TAIRA, K., AKIRA, S., and FUJITA, T. (2004). The RNA helicase
RIG-I has an essential function in double-stranded RNA-induced innate antiviral
responses. Nat Immunol 5, 730-737.

ZENG, R., CUIL, Y., HAI, Y., and LIU, Y. (2012). Pattern recognition receptors for respiratory
syncytial virus infection and design of vaccines. Virus Research 167, 138-145.

ZENG, R., LI, C., LI, N., WEI, L., and CUI, Y. (2011). The role of cytokines and chemokines
in severe respiratory syncytial virus infection and subsequent asthma. Cytokine 53,
1-7.

ZHANG, L., PEEPLES, M.E., BOUCHER, R.C., COLLINS, P.L., and PICKLES, R.J. (2002).
Respiratory syncytial virus infection of human airway epithelial cells is polarized,
specific to ciliated cells, and without obvious cytopathology. / Virol 76, 5654-5666.

ZHANG, N., VAN CROMBRUGGEN, K., GEVAERT, E., and BACHERT, C. (2016). Barrier
function of the nasal mucosa in health and type-2 biased airway diseases. Allergy
71, 295-307.

ZHANG, Y., DEES, C., BEYER, C., LIN, N.Y., DISTLER, A., ZERR, P., PALUMBO, K.,
SUSOK, L., KREUTER, A., DISTLER, O., SCHETT, G., and DISTLER, J.H. (2015).
Inhibition of casein kinase Il reduces TGFbeta induced fibroblast activation and
ameliorates experimental fibrosis. Ann Rheum Dis 74, 936-943.

ZHENG, J.P., WEN, F.Q., BAI, C.X.,, WAN, H.Y., KANG, J., CHEN, P., YAO, W.Z., MA,
LJ., LI, X., RAITERI, L., SARDINA, M., GAO, Y., WANG, B.S., and ZHONG, N.S.
(2014). Twice daily N-acetylcysteine 600 mg for exacerbations of chronic
obstructive pulmonary disease (PANTHEON): a randomised, double-blind
placebo-controlled trial. Lancet Respir Med 2, 187-194.

ZHOU, L.H., XU, J.Y., DAI, C., FAN, Y.M., and YUAN, B. (2018). Label-free quantitative
proteomics reveals fibrinopeptide B and heparin cofactor Il as potential serum
biomarkers in respiratory syncytial virus-infected mice treated with Qingfei oral
liquid formula. Chin J Nat Med 16, 241-251.

ZILSTRA, G.J., TEN HACKEN, N.H.T., HOFFMANN, R.F., VAN OOSTERHOUT, A.J.M.,
and HEIJINK, I.H. (2012). Interleukin-17A induces glucocorticoid insensitivity in
human bronchial epithelial cells. European Respiratory Journal 39, 439.

ZUHDI ALIMAM, M., PIAZZA, F.M., SELBY, D.M., LETWIN, N., HUANG, L., and ROSE,
M.C. (2000). Muc-5/5ac mucin messenger RNA and protein expression is a marker
of goblet cell metaplasia in murine airways. Am / Respir Cell Mol Biol 22, 253-260.

224



APPENDIX




APPENDIX

Table for reporting responses to reviewers’ comments

Student’s Page

Examiner’s comments Change made to thesis (if any)
response

reference

[ would suggest adding few sentences in each | Accepted Section 3.6, 4.6 and 5.6 were added to each result chapter to include limitations of the

of the results chapter reflecting on the study as follows:

limitations of the present work (i.e., use of e 3.6 Limitations of the study 107-108
female animals only, effects of The morphology and differentiation of the airway epithelium impact susceptibility to
pharmacological inhibitors on control viral infection and the ensuing immune response. Thus, while studies using BEAS-2B

animals not exposed to RSV, etc...) cell line may provide an appropriate and feasible approach to investigate RSV

responses, it has some limitations. First, the initial infection of RSV is typically ciliated
airway epithelium and the BEAS-2B cell line does not show normal epithelial
differentiation with respect to ciliated, goblet and club cells and cultured as a
submerged monolayer rather than at air-liquid interface. Second, BEAS-2B cells are
derived from single donor, so they cannot capture all of the potential responses of the
genetically heterogeneous human population. Third, the dichotomy between adult and
paediatric-derived primary cells highlights the difficulty in interpreting observations
made with regard to childhood airway repair. Moreover, BEAS-2B cells are relatively
normal and not diseased, hence extrapolating findings to asthma is problematic due to
intrinsic differences between non-asthmatic and asthmatic airway epithelial cells, i.e the
baseline expression levels of genes/proteins of interest.

In the current chapter, we only examined the gene expression of inflammatory
cytokines at mMRNA level. However, changes in mRNA transcript levels do not always
correspond to the changes in protein abundance due to post-transcriptional
mechanisms controlling the rate of protein translation, different half-lives of MRNAs and
the corresponding protein products, and differences in the intracellular locations of
expressed proteins (Gygi et al., 1999). Hence, assessing the observed expressional
changes at the protein level using ELISA or western blotting should be the focus of
future experiments.

Lastly, we employed various small molecule kinase inhibitors including SB431542,
PF670462, and U0126. While pharmacological inhibition can be immediate, it might
have non-specific, "off-target" effects that can affect the cellular physiology, hence
altering the experimental outcomes. Due to the potential non-specific, "off-target"
effects, we recommend the combined use of two or more unrelated methodological 127
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approaches, such as siRNA gene silencing, expression of dominant-negative mutants, or
gene knockouts.

® 4.6 Limitations of the study

The current study has utilised siRNA gene silencing to knockdown TLR3 expression.
Despite its efficacy in vitro, this method has several limitations (Unniyampurath et al.,
2016). These include non-specific effects due to induction of genes mediating interferon
response (Pebernard and Iggo, 2004) and the off-target effects due to the sequence
similarity to the targeted gene (Dorsett and Tuschl, 2004). While the gene expression
levels of all TLRs were examined In the current study as possible off-target effects of
TLR3 siRNA, the expression of other poly IC/RSV sensing receptors, such as PKR, RIG-1
and MDA5 were not examined as possible off-targets following TLR3 silencing.
Additionally, transient siRNA transfection does not result in stable integration into the
cellular genome. Hence, this approach allows the analysis of the resulting genotypic
and phenotypic changes only for a limited period of time (Kim and Eberwine, 2010). A
limitation specific to the current study is the use of only one siRNA sequence for TLR3
silencing. However, identified phenotypes following siRNA gene knockdown should be
confirmed with different siRNAs targeting the same transcript (Dorsett and Tuschl,
2004). A limitation specific to the current study is the use of only one siRNA sequence
for TLR3 silencing. However, identified phenotypes following siRNA gene knockdown
should be confirmed with different siRNAs targeting the same transcript (Dorsett and
Tuschl, 2004).

We recommend the use of a stable transfected human bronchial epithelial cell line to
confirm the results observed with transient siRNA transfections. The recent emergence
of CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 system for
gene editing may take the analysis one step further, by introducing the heritable TLR3
deletions in the genome of the primary human bronchial epithelial cells, both
submerged and differentiated into air-liquid interface cultures (Chu et al., 2015).

We also observed that TLR3 knockdown had abolished poly I:C-induced TGF-
expression while the impact on RSV-mediated TGF- expression was marginal due to
the variability in RSV data sets. Hence, more biological replicates need to be added to
confirm the observation. Lastly, PAI-T mRNA expression and phosphorylation of Smad2
need to be measured to further prove the role of TLR3 in TGF-B expression in response
to RSV infection.

e 5.6. Limitations of the study
Although similarities are evident, the critical fact remains that human RSV has no
animal reservoir and has evolved to infect humans as its natural host, not the commonly

167
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used rodent models, which require supraphysiological infection doses of hRSV (Russell
etal., 2017). In addition, the key differences in immune responses to RSV infection
between human and mice. In human, the neutrophilic inflammation has a significant
contribution to RSV pathogenesis where neutrophils comprise up to 85% of BALf count
compared to 15 to 20% of cells in mice (McNamara et al., 2013a). The robust and
reliable Th1 (IFN-y) responses in mice are variable in humans (Dakhama et al., 2005;
Borchers et al., 2013). While eosinophils play an important role in the RSV
pathogenesis in human, there is no evidence for the involvement of these cells in the
immune response to RSV in mice (Borchers et al., 2013; Knudson et al., 2015). The
current study was performed in female mice only while several reports showed that the
immune response differ between the different ovarian cycle phases (Krzych et al., 1978;
Schwartz et al., 2004).

Another limitation is that most pathological and immunological parameters were only
examined at one time-point post RSV infection. However, the findings might change
due to variations in the kinetics of virus replication and host response at different time-
points. Notably, in the current study, we only examined the short-term consequences of
RSV infection. It remains a possibility that long-term immune responses, including
humoral and cellular memory responses, are affected in a different manner following
RSV infection. Also, the effects of pharmacological inhibitors weren’t examined on
control animals not exposed to RSV. The absence of a group treated with
dexamethasone only has confined our ability to confirm that poly IC and RSV promote
GC resistance in vivo and determine whether inhibition of TGF-B or CK1 restores or
improves GC responsiveness. We recommend first identifying relevant GC-resistant
endpoints (e.g. neutrophilic inflammation) at a given dose of dexamethasone then
determine whether treatment with the inhibitor of interest (e.g. GW or PF compound)
restores/improves the anti-inflammatory effects of dexamethasone. Since RSV and
dsRNA both engage multiple receptor pathways, the use of TLR3 knockout mice is also
crucial before having any solid conclusions about the role of TLR3 in glucocorticoid
resistance in mice and RSV pathogenesis.

[ would also refrain from overstating, as seen
in some part of the PhD thesis, on the clinical
impact of the present experimental work no
validation was done in a real model of virus-
induced exacerbation (i.e., page 160, the
candidate stated, “we are the first to identify
TLR3 as a novel target to improve the
therapeutic outcomes of glucocorticoids in

Edited

In the amended thesis, the following sentences were rephrased as follow:

¢ “we have successfully pinpointed TLR3 and to a lesser extent TLR4 as the major
contributor to this detrimental effect.” —> Our data suggested that out of all PRRs
tested, TLR3 and to a lesser extent TLR4 contributes, at least partially, to RSV-
mediated GC resistance.

¢ “we are the first to identify TLR3 as a novel target to improve the therapeutic
outcomes of glucocorticoids in RSV-induced exacerbations of respiratory diseases that

110

171
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RSV-induced exacerbations of respiratory
diseases that respond poorly to steroids”.

respond poorly to steroids” was edited as “we identified TLR3 as a possible target to
circumvent glucocorticoid resistance during RSV infection.”.

I would also go back and check the statistical
analysis of some of the data where two-way
ANOVA was used on normalized data but
compared to controls expressed a 1 or 100
(which has therefore no variance).

Edited

We chosed the comparator to be the steroid induced response and compare relevant
GRE responses to that one (avoiding comparing to the baseline that has no variance),
thus we do not violate the assumptions of ANOVA and retain power of parametric
analysis. The following figures were amended accordingly:

e In page 76, Figure 3.3 A was amended.

e In page 78, Figure 3.4 B was amended.

e In page 80, Figure 3.5 was amended.

e In page 84, Figure 3.8 was amended.

e In page 85, Figure 3.9 was amended.

e In page 86, Figure 3.10 was amended.

e In page 90, Figure 3.13 was amended.

e In page 91, Figure 3.14 was amended.

e In page 92, Figure 3.15 was amended.

e In page 93, Figure 3.16 was amended.

e In page 95, Figure 3.18 was amended.

e In page 97, Figure 3.19 was amended.

e In page 99, Figure 3.20 was amended.

e In page 116, Figure 4.3 was amended.

e In page 117, Figure 4.4 was amended.

e In page 119, Figure 4.5 was amended.

e In page 120, Figure 4.6 was amended.

In page 121, Figure 4.7 was amended.

Same
pages as
comments
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Examiner’s comments

Student’s

Change made to thesis (if any)

Page

e The candidate has in correctively
presented her in vitro work as MEAN =
SEM, based on the one triplicate values.
With an n=3, there is not enough power
in the generated data to be presented as
such. Rather SDEV is required to illustrate
the range of data generated.

The data should be presented with SDEV
not SEM and the associated statistics
repeated since the lower number will
limit the type of analysis permitted. Use
appropriate statistics to account for the
low n value (n=3 stated in all the figure
legends). The differences observed were
so significant one would think that with
the adjusted analysis the outcomes would
still be the same.

e There needs to be additional clarity on
how many replicates and repeats were
performed in the in vitro experiments.

response

Commentary/
Edited

e n represent number of biological replicates not technical replicates.

e In the amended thesis, specific number of biological replicates were stated in each
figure ligand in chapter 3 and 4.

reference

There was numerous sentence that required
citations that were not included and these
need to be addressed.

Accepted

e In page 1, (Health and Welfare, 2020) was added.

e In page 4, (Johnston et al., 1995; Guibas and Papadopoulos, 2017) were added.

e In page 6, (Sin et al., 2004; Tamm et al., 2012) were added.

e In page 8, (Henderson et al., 2020) was added.

e In page 16, (Tam et al., 2011) was added.

e In page 19, (Ueno et al., 2008; Ballester et al., 2021) were added.

e In page 24, (Kim and Lee, 2014) was added.

e In page 101, (Luo et al., 2012; Tatematsu et al., 2013; Tatematsu et al., 2018)
were added.

(
(
e In page 4, (Pecchini et al., 2015) was added.
(
(

Same
pages as
comments
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e In page 123, (Prince et al., 1979; Taylor et al., 1984; Graham et al., 1988;
Graham et al., 1991; Graham et al., 1993; Connors et al., 1994; Boelen et al.,
2000; Jafri et al., 2004; Mukherjee et al., 2011b; Stokes et al., 2011; Openshaw,
2013; Rameix-Welti et al., 2014; Knudson et al., 2015) were added.

e In page 123, (Stark et al., 2002; Stokes et al., 2011) were added.

e In page 123, (Jafri et al., 2004; Miller et al., 2004; Bem et al., 2011) were added.

e In page 123, (Bem et al., 2011; Yang et al., 2015; Hijano et al., 2019; Stephens
and Varga, 2020) were added.

e In page 124, (Han et al., 2018; van Erp et al., 2019) were added.

e In page 160, (Song et al., 2009; Kong et al., 2013; Kaskinen et al., 2020) were
added.

e In page 160, (Dapat and Oshitani, 2016) was added.

e In page 161, (Alexopoulou et al., 2001; Kitazawa and Villena, 2014; Wang et al.
2018) were added.

e In page 164, (Shrestha et al., 2020) was added.

’

This is a published abstract and should be Edited e In the amended thesis, C22 AIRWAY EPITHELIUM: MOLECULAR REGULATION | x
cited as such (Similar to TSANZ is published OF INFLAMMATION. American Thoracic Society, pp A4638-A4638 was
in Respirology and was cited as such replaced by Am ] Respir Crit Care Med 193, A4638-A4638.
above).
ATS published citation as mentioned above. | Edited e In the amended thesis, C72 Epithelial Biology. American Thoracic Society, pp X
A5886-A5886 was replaced by Am ] Respir Crit Care Med 193, A5886-A5886.
The use of abbreviations needs to be Accepted/ e List of abbreviations were updated to include missed terms. XXii- XXVii
revisited as there were a number omitted Edited e Implementation of the abbreviations were corrected throughout thesis.
from the abbreviation list at the start of the
dissertation and not unform consistency in
the implementation of these in the thesis.
Such as? different viruses are known to Accepted The following citations were added “(Johnston et al., 1995; Freymuth et al., 1999; 3
induce exacerbation so there should be Rakes et al., 1999; Kotaniemi-Syrjanen et al., 2003; Thumerelle et al., 2003;
numerous citations here Heymann et al., 2004; Jartti et al., 2004; Johnston et al., 2005; Lemanske et al.,
2005; Kusel et al., 2006; Allander et al., 2007; Chung et al., 2007; Khetsuriani et
al., 2007; Kusel et al., 2007; Bosis et al., 2008; Jackson et al., 2008; Papadopoulos
etal., 2011; Turunen et al., 2014; Christensen et al., 2019)”.
Change “hyperresponsiveness of airways” to | Edited In the amended thesis, “hyperresponsiveness of airways” was changed to “airway | 4

“airway hyperresponsiveness”

hyperresponsiveness”.
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sentence appears incomplete?

Accepted

In the amended thesis, the sentence was deleted.

citation illustrating the poor compliance as
this is in fact a major continuing issue.

Accepted

The following citations were added “(Lindsay and Heaney, 2013; Gaude et al.,
2014; Engelkes et al., 2015).”

there are more recent references that can be
used in conjunction. Evidenced in various
animal models.

Accepted

The following references were added:

e Alangari AA (2014) Corticosteroids in the treatment of acute asthma. Annals of
thoracic medicine 9(4):187-192. doi:10.4103/1817-1737.140120

e Hasegawa, K., Craig, S.S., Teach, S.J., and Camargo, C.A. (2021). Management
of Asthma Exacerbations in the Emergency Department. ] Allergy Clin
Immunol Pract. In press.

e Hadjigol S, Netto KG, Maltby S, Tay HL, Nguyen TH, Hansbro NG, Eyers F,
Hansbro PM, Yang M,Foster PS (2020) Lipopolysaccharide induces steroid-
resistant exacerbations in a mouse model of allergic airway disease collectively
through IL-13 and pulmonary macrophage activation. Clinical and experimental
allergy : journal of the British Society for Allergy and Clinical Immunology
50(1):82-94. doi:10.1111/cea.13505

e Ueda K, Nishimoto Y, Kimura G, et al. Repeated lipopolysaccharide exposure
causes corticosteroid insensitive airway inflammation via activation of
phosphoinositide-3-kinase § pathway. Biochem Biophys Rep. 2016;7:367-373.
Published 2016 Jul 28. doi:10.1016/j.bbrep.2016.07.020

Important to showcase that results were not
overly positive and in a subpopulation that
in fact it worsened outcomes.

Accepted

In the amended thesis, the following paragraph was added “Djukanovic and
colleagues had reported potential deleterious effects of inhaled IFN- in subgroup
of patients with mild asthma, where asthma symptoms have increased, although
non-significantly compared to placebo group (Djukanovic et al., 2014). Epithelial
cell derived from patients with mild asthma have normal IFN production (Sykes et
al., 2014). It is possible that the addition of exogenous IFN-B in this subgroup
could lead to greater inflammation and subsequent worsening of symptoms
(Djukanovi¢ et al., 2014; Jackson, 2014). Watson et al. recently demonstrated that
intermittent prophylactic doses of exogenous IFN-f could modulate viral infection
in an in vitro model. Moreover, they reported that chronic dosing with IFN-B was
more effective than dosing post viral infection while it was not associated with
inflammatory mediators production (Watson et al., 2019).”

This is now 9 years old. What are the
outcomes??? Surely, data is suggesting an
outcome either way.

Accepted

The outcomes were added as follow “Although capsid binders are attractive and
potent early-stage inhibitors of RV replication in vitro, in vivo results were
disappointing due to problems with pharmacodynamics, in vivo efficacy, and
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resistance development (Ortega et al., 2020). Similarly, 3C protease inhibitors are
effective in vitro, while ineffective in clinical trials (Glanville et al., 2013).”
inappropriate term. RSV disease.... edit. Accepted RSV disease —> RSV-induced airway disease 14
There needs to be a sentence or two to Accepted In the amended thesis the following paragraph was added “Early reports 18
illustrate that RSV preferentially infected demonstrated that airway ciliated epithelial cells were the major locus for RSV
ciliated cells in the airway. replication (Henderson et al., 1978; Wright et al., 1997). RSV replication in human
https://doi.org/10.1016/j.virol.2015.05.014 airway epithelial cells occurs at the apical cell surface of airway ciliated epithelial
(Zhang et al., 2002; Wright et al., 2005). Furthermore, recent observations
indicated that cilia might be a primary site of RSV morphogenesis (Smith et al.,
2014; Jumat et al., 2015). In addition to preferential infection of ciliated cells via
the apical membrane, RSV was shed exclusively from the apical surface and spread
by the motion of the cilial beat to neighboring epithelial cells (Zhang et al., 2002).”
Authors also found apical expression of TLR | Edited Sentence was edited as follows “TLR4, TLR5, TLR7, TLR9, and TLR10 were weakly | 21
7. Edit sentences to include this. expressed in the apical surface”
luminal not the optimal work use in Edited luminal —> apical 21
sentence. APICAL expression is a more
appropriate term.
This figure showcases ACE culture Edited Cross-reference “(Figure 1.7)” was deleted. 21
expression, this section refers to in vivo
expression.
edit to update TL7 expression. Edited AEC was added to Table 1.1 23
TLR7 shown to be expressed in AEC...
(loannidis et al. 2013)
e loannidis et al., looked at expression in Edited Figure 1.7 was updated to include TLR expression in the airway epithelium of the | 24
the human airway epithelium and then human trachea and primary AEC cultures. The figure ligand was amended as
primary AEC cultures. The images shown follows “Figure 1.7]| Pattern of TLRs expression and localization in the human
in this figure is the expression in AEC airway epithelium. A, A a schematic diagram illustrating the different TLRs in the
cultures and not in in human airway airway epithelium, the size of TLRs is proportional to their abundance in the
which the section is conveying. epithelial cells. TLR distribution in the airway epithelium of the human trachea (B)
and human primary airway epithelial cells (AEC) cultures (C). Different TLRs are
visualized by immunofluorescence utilizing anti-human TLR-specific antibodies.
The apical surface is on the top (loannidis et al., 2013).”
[ think the differences in expression should | Accepted In the amended thesis, the following paragraphs were added. 21
be discussed in this section.
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1: expression invivo
2: expression in primary cultures
3: highlight differences.

“They reported that each TLR had its unique expression pattern and distribution on
tracheal epithelial cells which is likely to contribute to the regulation of AECs
innate response to commensal and pathogenic microorganisms in the pulmonary
tract. As shown in Figure 1.7 B, TLR1 and TLR3 were detected on the surfaces and
in the cytoplasm of epithelial cells throughout the whole width of the
pseudostratified epithelium. TLR1 expression was more conspicuous on the apical
surface of the tracheal epithelium. TLR3 was mainly expressed on the apical and
basal mucosal surface. TLR2 and TLR6 showed a predominant basolateral
distribution that may limit their interactions with PAMPs unless the epithelial
barrier integrity is compromised. Although TLR2 was weakly expressed, TLR6
showed an intense basolateral staining. TLR4, TLR5, TLR7, TLR9, and TLR10 were
weakly expressed in the apical surface of the tracheal mucosa; terminal plates and
cilia. While, TLR3, TLR7, and TLR9 are commonly expressed in the endosomal
compartments of dendritic cells (Caramori et al., 2006; Blasius and Beutler, 2010),
they were expressed both intracellularly and on the cell surfaces of AECs. These
findings imply a tissue-specific distribution of TLRs.

As demonstrated in Figure 1.7 C, in hAEC cultures, TLR1 and TLR3 demonstrated
both apical and basolateral expression on the cell surface and in the cytoplasm.
TLR2 and TLR6 were predominantly localized in the basolateral surface with only
some apical expression. Expression of TLR4, TLR5, TLR7, TLR9, and TLR10 was
mainly observed on the surface of the apical cells, especially in the terminal bars
or in the cilia. No TLR8 expression was detected. Loannidis and coworkers
suggested that the expression pattern of all TLRs in hAEC cultures corroborated
findings from the trachea (loannidis et al., 2013).”

“TLR7 is expressed mainly in lung” this is Accepted AECs was added to Table 1.1 and Figure 1.7 A was updated. 23,24

not seen the table 1.1 and then the figure.

Phipps et al. 20072? Accepted More recent references were added as follows “(Kvarnhammar and Cardell, 2012; | 29
Flores-Torres et al., 2019).”

add the word 'assay' after Accepted In the amended thesis, the word assay was added 29

immunoprecipitation

Kicic et al., 2006 looked at TGFB protein Accepted The following paragraph was added: “A study investigating the intrinsic differences | 41

production in asthmatic and non-asthmatic
AEC.

between the paediatric healthy and asthmatic bronchial epithelium has detected
the markedly diminished production of TGF- 8 in Asthmatic epithelial cells
compared to healthy nonatopic samples. This difference was consistent over
several passages indicating the independency on an in vivo environment (Kicic et
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Following study looked at expression post
airway injury. These studies are worth
including in this section.
https://doi.org/10.1164/rccm.200603-
3920C

DOI: 10.1111/resp.12810

al., 2006). Given the crucial function of TGF-B1 in pAEC wound repair in vitro, the
blunted production of TGF-B1 by paediatric asthmatic epithelium subsequently
contributes to the dysregulated airway epithelial repair leading ultimately to a
defective airway epithelium; one of the fundamental factors of the development
and persistence of asthma (Ling et al., 2016).”

under aseptic conditions. Edited “in sterile” was replaced by “under aseptic conditions” 45
You interchange between British and Edited o fetal —> foetal 45
American spelling styles for many words. e normalised —> normalized 56
keep consistent
FBC or FCS?? Keep consistent Edited FBS was changed to FCS throughout the thesis 45, 46, 49
Justification for this as housekeeping gene of | Accepted The following explanation was added in the amended thesis “18S rRNA was 56, 57
choice? chosen as a housekeeping gene since, first, it has a low turnover rate, while the

large 18S rRNA pool is less prone to substantial changes from physiological

perturbations. Second, its use has been validated by numerous studies that showed

its invariant expression across various organisms, tissues, developmental stages,

and treatments (Butte et al., 2001; Kuchipudi et al., 2012; Hounkpe et al., 2020). ”.
Justification for the use of 2 housekeeping Accepted The following explanation was added in the amended thesis “The housekeeping 62
proteins not clearly provided control was chosen based on the size of the protein(s) of interest (i.e., they should

have substantially different molecular weights) to ensure that the detection bands

of loading controls do not interfere with those of the protein(s) of interest. Hence,

B-actin (45 KDa) was chosen as loading control for Smad2/3 (60, 52 KDa), while

GAPDH (37 KDa) was chosen as loading control for p44/42 MAPK (Erk1/2) (42, 44

KDa)".
Stronger justification is need for the Accepted e The following clarification was added to Section 3.3.3 “The number of virions that 70

infection MO used in the in vitro studies
(MOI10.1Tor1)

infect each cell at different MO, is described by the Poisson distribution:
P(k) = e-"m"/k
where, P(k) is the fraction of cells infected by k virus particles, and m is the MOI.

Natural RSV infection occurs through inhalation of aerosolized droplets that contain
viral particles, resulting in infection of small foci of apical respiratory epithelial cells
(Johnson et al., 2007; Gonzélez-Parra and Dobrovolny, 2018). Hence, we have
chosen lower MOI (0.1) to simulate the natural infection and allow for multiple
cycles of replication. Based on Poisson distribution, high MOI (1) will infect around
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65% of BEAS-2B cells, however lower MOI (0.1) will only infect 9.5% of BEAS-2B
cells which is more physiologically relevant.”

Justify the end points chosen

Accepted

¢ The following Justification was added to Section 3.3.3 “It is known that the clinical
manifestation of RSV infection typically appears after four to six days after exposure
to the virus (Piedimonte and Perez, 2014). Therefore, we chosed 48 hours viral
infection. Moreover, the RSV infection at MOI 0.1 longer than 48 hours induces
apparent cytopathic effects, which impacts the cell viability, therefore, maximum of
48 hours viral infection had been conducted. Our group had conducted preliminary
experiments to examine 24 hours RSV infection, in parallel to 48 hours RSV
infection, with 4 hours dexamethasone treatment in BEAS-2B cells. The expression of
GC-responsive genes was also decreased, however non-significantly, with 24 h RSV
infection.

Moreover, our group also found that TGF-B mRNA at 24 h time point was higher
than the expression at 48 h time point. Previous data suggests that TGF-f effect can
be detected within 8 hours. Therefore, we could expect to see the secreted TGF-f-
induced effect by 48 hours after viral infection. Expression of PAI-T mRNA was used
as a consistent marker for TGF- activity, as expected; the expression level of PAI-1
was significantly increased with 48 hours viral infection.”

e The following sentence was added to section 3.3.6 “The 4-hour time point for
mRNA expression of the GC-inducible genes was determined to be suitable by
our group based on time-course evaluations (Salem et al., 2012; Keenan et al.,
2014)".

e The inhibitors used were added 30 min prior to the RSV infection or poly I:C to
examine whether inhibition of TGF-f activity would prevent the RSV infection or
poly I:C -impaired GC actions.

71

72-73

but they are not derived from asthmatic so
the response may differ. you need to
acknowledge this.

Accepted

¢ The following sentence was added “However, BEAS-2B cells are derived from
healthy doner, so extrapolating findings to asthma is problematic due to intrinsic
differences between non-asthmatic and asthmatic airway epithelial cells, i.e the
baseline expression levels of PRRs.”

e Added as a limitation in Section 3.6

101

“similar characteristics” like?

Accepted

In the amended thesis, the characteristics were detailed as follows:

BEAS-2B cells have been proved to share some characteristics of primary bronchial
epithelial cells. For instance, BEAS-2B cells maintain the typical epithelial
morphology and the same epithelial functional characteristics, however, they lack
the individual variability observed in hAECs (Stewart et al., 2012). They also

100
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exhibit almost identical intracellular signalling pathways to that present in primary
bronchial epithelial cells (Sauty et al., 1999; Schwarze et al., 2004) and show a
similar responsiveness spectrum to numerous stimuli and pathogens (Thomas et al.,
1998; Pichavant et al., 2003; leki et al., 2004; Schwarze et al., 2004). Moreover,
BEAS-2B cells express all types of TLRs with the same spatial localization in the
differentiated human AECs (loannidis et al., 2013), hence these cells present a
satisfactory platform to test different TLRs ligands.

TLR expression in diseased airway epithelial
cells. Baseline differences?

Accepted

The following text was added to Section 3.5

“However, BEAS-2B cells are derived from healthy donor, so extrapolating findings
to asthma is problematic due to intrinsic differences between non-asthmatic and
asthmatic airway epithelial cells, i.e the baseline expression levels of PRRs. A study
has examined baseline expression of PRRs; TLR3, MDA5 and RIG-I in cultured
pBEC from asthmatic and healthy subjects and found similar mMRNA expression
levels in the two subject groups. Similar pattern was observed in an in vivo setting
by measuring the TLR3, RIG-I and MDA5 mRNA levels from endobronchial
biopsies obtained from these subjects (Parsons et al., 2014). However, cultured
pBECs from asthmatics released significantly reduced levels of types I and Ill IFNs
when exposed to RV infection indicating the defective signalling through TLR3 and
MDA?5 in asthmatic pBEC, despite the normal expression and induction of these
PRR (Wark et al., 2005; Contoli et al., 2006; Parsons et al., 2014). Another study
has investigated the expression of TLR2, TLR3 & TLR4 in large and small airways of
fatal asthmatics, mild asthmatic and deceased control subjects. The
immunohistochemistry has shown higher TLR2 expression in the epithelial and
outer layers of large and small airways of fatal asthmatic patients compared with
deceased controls. Fatal asthmatic patients had greater TLR3 expression in the
outer layer of large airways and no significant differences in the small airways. A
greater TLR4 expression were detected in the outer layer of small airways of fatal
asthmatics when compared to deceased controls. No bacterial DNA was detected
in both groups. QRT-PCR had detected only a small difference in TLR3 expression
between mild asthma patients and healthy controls (Ferreira et al., 2012a; Ferreira
et al., 2012b). Upregulation of epithelial gene expression for TLR2 and TLR4, but
not TLR5, was observed by examining the epithelial brushings obtained from the
large airways at bronchoscopy from asthmatic and healthy subjects (Cottey et al.,
2011). On the contrary, targeted gene expression arrays of asthmatic and non-
asthmatic airway wall samples have examined the expression patterns of candidate
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genes hypothesized to be involved in the asthma pathophysiology. Of all TLRs
tested, only TLR7 was down-regulated (Pascoe et al., 2017).”
Only gene expression for cytokines and Accepted The following sentence was added “The observed downregulation of pro- 103
should be corroborated at protein inflammatory cytokines (IL-6 and IL-8) would need to be validated at protein
production levels via ELISA level.”
cite appropriately (Hinzy et al. 2011). Edited Citation was corrected as follows (Hinzy et al. 2011). 103
The issue that initial infection of RSV is Accepted Added as a limitation in Section 3.6 107-108
typically ciliated airway epithelium and the
cell line chosen isn’t
no limitations to this chapter identified and | Accepted Section 3.6 was added to discuss limitations of the study. 107-108
conveyed.
This is incorrect. Bronchial epithelium Edited bronchial epithelium —> an immortalized bronchial epithelial cell line 114
implies in vivo expression however this
chapter was conducted on cells, so you
need to be specific and say ' in an
immortalized bronchial epithelial cell line"
include the p values in the text. Accepted In the amended thesis, p values were added to the text. “36% (p=0.0161) and 31% | 118
(p=0.0011) reduction in IL-6 and IL-8 mRNA levels, respectively”
Eg RV.. and studies in asthma and COPD Accepted The following sentence was added “Expression of TLR2, TLR3, and TLR4 had been | 122
shown to increase in asthmatic patients who ultimately die, suggesting their crucial
role in the development of severe or even fatal asthmatic exacerbations (Kim and
Rhee, 2010; Ferreira et al., 2012). Moreover, TLR3 may play a detrimental role in
acute exacerbations of chronic obstructive pulmonary disease (AECOPD) patients,
possibly due to TLR3 activation by viral and bacterial infection. TLR3 also
enhanced the inflammatory response when in an antiviral state, leading to lung
damage (Liu et al., 2018).”
e ROS and its importance in numerous Accepted In the amended thesis, a new section was added “section 1.5.5” 35-36
chronic respiratory diseases and other 1.5.5 Induction of oxidative stress during RSV Infection
infections Reactive oxygen species (ROS) are ubiquitous, highly diffusible, and reactive molecules,
e ROS in vivo (humans) and connection to including free rgdlcal Supf.fI’OXIde (0.7, smglet.oxygen (102)/“hydroxyl radicals (OH ),
RSV infections perhydroxyl radicals (HO,") and hydrogeﬁ peroxide (HO,) (Droge, 2002). The_ese species
are generated upon one electron reduction of molecular oxygen (20, + 2e™— 20,¢")
and formation of the parent ROS O,"” (Halliwell and Gutteridge, 1999). Due to its
negative charge, the radical superoxide (O,"") cannot diffuse across cellular membranes
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and acts only at the site of production (Vlahos and Selemidis, 2014). One electron
reduction of O, produces hydrogen peroxide 20, ™+ 2H" — H,O, + O,). H,O, is
uncharged so it can penetrate cell membrane (Vlahos and Selemidis, 2014).

Inside the cell, ROS are generated in the mitochondria, peroxisomes and microsomes as
by-products of the normal O, metabolism of or from dysfunctional enzymes (Turrens,
2003; Bedard and Krause, 2007; Vlahos and Selemidis, 2014). The members of NADPH
oxidase (NOX) family function solely to generate ROS (Bedard and Krause, 2007; Vlahos
and Selemidis, 2014). The enzyme NOX2, a major source of O,"", is highly abundant in
all cell types of the airways and in the residing alveolar macrophages or in the
phagosomes of neutrophils and macrophages recruited to the lungs upon inflammation
(Bedard and Krause, 2007; Vlahos and Selemidis, 2014; Singel and Segal, 2016). ROS at
low levels are crucial for regulation of redox-sensitive genes involved in
proinflammatory, immune responses and apoptosis (Droge, 2002). At excessive levels,
ROS cause oxidative stress, inflammation and tissue damage (Bedard and Krause, 2007;
Vlahos and Selemidis, 2014). Hence, cells are well equipped with mechanisms to keep
ROS levels under control. The first mechanism aims at limiting the generation of the
parent ROS O,"" and its precursors, however it is crucial to balance the antiviral effects
of ROS versus the detrimental effects of high ROS levels (Droge, 2002; Bedard and
Krause, 2007; Vlahos and Selemidis, 2014). An alternative approach is via simple
stoichiometric scavenging by antioxidant molecules, such as vitamins A, C and E or the
more complex antioxidant enzyme systems including superoxide dismutase (SOD),
glutathione peroxidase (GPX), catalase, thioredoxins, and peroxiredoxins (PRDXs)
(Droge, 2002; Bedard and Krause, 2007; Vlahos and Selemidis, 2014).

Oxidative stress plays a major role in the pathogenesis of RSV-associated lung
inflammatory diseases, as evident by the surge of markers of oxidative damage that
correlate to the disease severity in RSV-infected children (EI Saleeby et al., 2011;
Garofalo et al., 2013). Both transcriptomic and proteomic studies analysing host
responses to RSV infection were able to detect virus-induced alterations in cell stress
responses including transcriptional, ER and oxidative stress at mRNA transcript (Janssen
et al., 2007; Martinez et al., 2007; Mayer et al., 2007; Mejias et al., 2013; Brand et al.,
2015; Do et al., 2017; Mariani et al., 2017) and protein levels (Brasier et al., 2004;
Jamaluddin et al., 2010; Munday et al., 2010a; Munday et al., 2010b; van Diepen et al.,
2010; Ternette et al., 2011; Hastie et al., 2012; Wu et al., 2012; Diepen et al., 2015;
Munday et al., 2015; Zhou et al., 2018). In addition, RSV infection of airway epithelial
cells induced rapid production of intracellular ROS with a concomitant modification of
expression and/or activities of antioxidant enzymes (Hosakote et al., 2009).
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A study examining how RSV infection drives the rapid production of ROS suggested that
macrophages are responsible for the oxidative damage to lung during RSV infection,
most likely via O,"" production through phagocyte NOX2 (Nguyen et al., 2016).
Inhibition of NOX2 activity or knocking down its expression significantly decreased ROS
levels in AECs following RSV infection confirming the role of O,* -producing NOX2 in
RSV-induced oxidative stress (Fink et al., 2008). In addition, NOX2 depletion in RSV-
infected AECs also blocks IRF3 phosphorylation and its downstream antiviral responses
and inhibits NF-kB activation leading to blockage of the downstream expression of
proinflammatory cytokines and chemokines (Indukuri et al., 2006; Fink et al., 2008;
Soucy-Faulkner et al., 2010). Hence, RSV infection causes oxidative stress due to the
increased ROS production via O,'"-producing NOX2, that activates the NF-kB and IRF3
signalling pathways producing proinflammatory and antiviral responses.

Another mechanism through which RSV infection induce oxidative stress is inhibition of
antioxidant enzymes activity. This is evident from the reported reduction in the
expression and activity of the antioxidant enzymes SOD1/3, PRDXS6, GPX1and catalase
in RSV-challenged mice and children with RSV-induced bronchiolitis (Hosakote et al.,
2011). How RSV infection interferes with the expression/activity of antioxidant enzymes
is believed to involve the nuclear factor erythroid 2 (NFE2)-related factor 2 (NRF2) (Cho
et al., 2009). NRF2 is a transcription activator that binds to the response element in
promoter region of the antioxidant enzymes (Jaiswal, 2004). Under basal conditions,
NRF2 is cytoplasmic and bounded kelch-like enoyl-CoA hydratase (ECH)-associated
protein 1 (KEAPT) (Jaiswal, 2004). KEAPT acts as an adaptor between NRF2 and cullin-
3/RING box protein 1 (CUL3/RBX1), a ubiquitination ligase that ubiquitinates NRF2 and
promotes its proteasomal degradation (Jaiswal, 2004). Oxidative stress promotes KEAP1
degradation and hence release of NRF2 from the KEAP2/ CUL3/RBX1 complex (Jaiswal,
2004; Kaspar et al., 2009). NRF2 then translocates to the nucleus and activates the
transcription of antioxidant enzymes to protect the cells from oxidative stress (Jaiswal,
2004; Kaspar et al., 2009; Taguchi et al., 2011; Ma and He, 2012). RSV this mechanism
via significantly increasing the expression and activity of histone deacetylase (HDAC) 2,
which then deacetylases the nuclear NRF2 and targets it for proteasomal degradation.
Dissociation of NRF2 from the response element sites of the antioxidant enzymes genes
supress their transcription (Jamaluddin et al., 2005; Choudhary et al., 2009; Komaravelli
etal., 2015; Feng et al., 2016). Indeed, treatment of RSV-infected airway epithelium with
HDAC2 inhibitors restored NRF2 nuclear localisation and mRNA levels of antioxidant
enzymes (Komaravelli et al., 2015). In summary, RSV infection results in oxidative stress
via increased ROS production with the concomitant inhibition of antioxidant enzymes
transcription.
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Again no limitations identified from this Accepted A new section “Section 4.6” was added to discuss the study limitations in addition | 127
chapter as to what future experiments to the suggested experiment to address these limitations.
should be addressing.
needs citation if have been shown or Edited e “have been shown” refers to the results of chapter 3 that is why no citation was 130
previously shown added. For further clarification, the sentence was edited as follows “The
aforementioned findings suggested that”.
e “previously shown” refers to results presented in Figure 5.11. For further 130
clarification, (Figure 5.11) was added to the end of sentence.
Interesting comment to convey especially Accepted Added as a limitation in section 3.6 107-108
when the in vitro cell model used the last
two chapters had the same limitation yet
was still advocated for.
formation is inappropriate term./... replace | Edited formation —> production 131
with 'production’
This contradicts the last sentence on p122, | Edited It was a typing error. age-dependent manner —> age-independent 132
as it was clearly conveyed that infection
was age-dependent in ferrets
you need to include various independent Accepted The following citations were added (Taylor, 2017; Altamirano-Lagos et al., 2019). | 132
studies in these citations to illustrate the
globally accepted limitation of this animal
model of RSV infection and not just cite
Johnson et al 2007
how was the dose justified ¢¢ Commentary | Justification was added as follows “The infective dose chosen in the current study | 137
was reported previously to develop infection that could be readily detected in lung
homogenates and was accompanied by pronounced pulmonary pathology as
indicated by pulmonary cellular influx and pro-inflammatory cytokine and
chemokine levels (Muioz et al., 1991; van Schaik et al., 1998; van Erp et al.,
2019).”
folk mock vehicle?? Edited Figure 5.11 Panel B “fold Vehicle —> fold Mock/Vehicle” 154
needs citation if previously shown Edited e “previously shown” refers to the data presented in (Figure 5.11). That is why no 156
citation was added. For further clarification, “(Figure 5.11)” was added to the end
of sentence.
162
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e “previously shown” refers to the data presented in Chapter 3 and 4. For further
clarification, the sentence was edited as follows “In the preceding chapters, we
have shown that”

intranasal instillation ¢? Rebuttal No, it was actually insufflation triggered by respiratory reflex in response to fluid 162
Commentary | placed on the nares

part of future studies? Edited No, it is an explanation for the body loss observed in RSV-infected mice based on | 162
the findings of previous studies cited as follows (Kelley et al., 2003; Borchers et al.,
2013). For clarification, the sentence was rephrased as follows “Previous studies
had related the weight loss observed to the secretion of proinflammatory cytokines
including TNF-a and IL-Ta which are known to cause discomfort and reduce
appetite, leading to weight loss”.

this is gene expression, and the sentence Edited In the amended thesis, the sentence was edited as “In line with the changes in 165

needs to reflect this. inflammatory cell infiltrates, RSV inoculation significantly provoked the mRNA
expression of pro-inflammatory cytokine including TNF-o and IL-6".

accuracy of statement... observations were Edited In the amended thesis, the sentence was edited as “Mice receiving intranasal 165

made only at gene level and not protein. instillation of poly 1:C showed a significant surge in the mRNA expression of pro-
inflammatory cytokines”.

I don’t think this was direct shown in your Edited “These findings” refers to results shown in two recent studies. For clarification, the | 165

study, so again in future studies how are sentence was rephrased as follows “Recent studies suggested that”

you going to test /prove this.? Future experiments were discussed in Section 6.2.4

“we believe that PF670462; CK1e/d Accepted Future directions were discussed in Section 6.2.4 as follows 176

inhibitor provides a safer adjuvant to
glucocorticoids”

so, going forward how would you
specifically test this.

6.2.4 In vivo Studies: future directions

The in vivo studies performed herein revealed some intriguing findings suggesting
that PF670462 either alone or through synergistic interaction with dexamethasone
attenuated RSV infection-induced lung inflammation. Hence, we believe that it is
of value to comprehensively investigate this potential in allergen-induced lung
inflammation and allergic responses in the ovalbumin, house dust mite (HDM) or
cockroach allergen-induced asthma models as well as the cigarette smoke
exposure model of COPD, with or without viral exacerbation. Because the function
of the airways is closely coupled to its structure, an altered airway function may
reflect alterations in airway structure due to inflammation, tissue damage, or
abnormal tissue remodelling. Thus, airway function is an important feature to
monitor when evaluating the impacts of infection on respiratory health and the
efficacy of therapeutic interventions.
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In the in vivo studies presented in the thesis, PF670462 were administered to mice
through intraperitoneal injection. Minimizing the systemic adverse effects of TGF-8
modulation is crucial in PF670462 development. The administration of small
molecule kinase inhibitors CK16/e by inhalation will limit their inevitable off-target
effects reported with the systemic use including disruption to central circadian
rhythm (Badura et al., 2007; Meng et al., 2010). Additionally, the inhalation route
will overcome the low oral bioavailability of PF670462 due to the fast first-pass
hepatic metabolism (Wager et al., 2014). For the above-mentioned reasons, future
studies are needed to evaluate the therapeutic potential of aerosolized PF670462.
Moreover, dose-escalation and safety studies should be performed, and phase 2
clinical trial started, aiming to translate these in vivo findings into a novel
therapeutic for management of virus-induced asthma exacerbation that respond
poorly to steroid.

We identified TLR3 as a possible target to circumvent glucocorticoid resistance
during RSV infection. Our results add more therapeutic value to TLR3 antagonism
since it has been proved previously that TLR3-induced inflammatory responses are
deleterious to RSV pathogenesis while RSV is insensitive to the TLR3-induced
antiviral responses (Alexopoulou et al., 2001; Kitazawa and Villena, 2014; Wang
et al., 2018). Future studies should, therefore, be focused on assessing GC
responsiveness in viral-induced exacerbations od asthma or COPD models using
TLR3 knockout mice. These studies may identify approaches to improve GC
activity in RSV-infected patients.

Study limitation? Accepted Study Limitations were discussed in section 5.6 as mentioned before. 167
Future studies? Future directions were discussed in section 6.2.4 as mentioned above. 176
This section should have discussed the Accepted Section 6.2.1 was amended, and a new section was added “Section 6.2.2” as 173-174

primary airway model in more detail....
Relevant diseased models of primary cells
relevant to this thesis and experiments that
need to be performed.

follows:

6.2.1. Further evidence using a better in vitro model of the airway epithelium

In the current thesis, we have employed the immortalized human bronchial
epithelial cell lines. It is a simple model that allows successful investigation of the
roles of the specific targets in the cells. Data obtained from experiments using
transient transfections and siRNAs to knockdown TLR3 in the immortalized BEAS-
2B cells suggest that TLR3 partly mediates impairment of GC-actions during RSV
infection. BEAS-2B cell line is generated from normal human bronchial epithelial
cells and proven to be responsive to glucocorticoids. However, the limitation of
this cell line is that it does not replicate many of the characteristics of differentiated
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cells, such as development of beating cilia and mucus production in vitro.
Additionally, since it is derived from a single donor, it does not reflect the natural
biological variation observed between individuals. The different response patterns
seen between cell lines and primary epithelial cells may also be attributed to the
immortalization process, polarization, differentiation or because they originate
from different regions of the bronchial tree. Accordingly, it is still of paramount
importance to verify our findings using a more physiologically relevant model with
ciliated and goblet epithelial cells. Our group had replicated our findings in RSV-
mediated GC insensitivity using the air-liquid interface culture of HBECs (Xia et al.,
2017).

Although, It is acknowledged that mucocilliary-differentiated primary HBECs are
the most relevant in vitro model, there are many disadvantages limiting the broad
use of these cells for research, including their limited life span, high cost of culture,
high inter-individual and inter-passage variability, and difficulty of genetic
manipulation (Stewart et al., 2012). To overcome limited life span of primary
HBECs, basal cell immortalized-nonsmoker 1.1 (BCi-NS1.1) cell line can be used
where it retains characteristics of the original primary cells and maintain a
multipotent differentiation capacity for over 40 passages (Walters et al., 2013).
Future experiments should focus on exploring our findings using BCi-NS1.1 cell
line in air-liquid interface settings.

Asthma and COPD have been proved to alter the normal airway epithelium (De
Rose et al., 2018; Gohy et al., 2019; Calvén et al., 2020). This fact prompts the
question of whether findings using primary HBECs derived from healthy donors in
air-liquid interface culture could be extrapolated to asthma and COPD.

Children in their first 2 years of life comprise the major risk group for RSV severe
disease, with a peak in infants approximately 3 months old, after which the
incidence gradually declines with age (Bianchini et al., 2020). This highlights the
significance of using paediatric-derived primary cells to test our hypothesis in more
clinically relevant model.

6.2.2 Further evidence using other gene silencing techniques

Gene silencing using siRNAs are transient (Kim and Eberwine, 2010), and the off-
target and non-specific effects of the siRNAs generally complicate the
interpretation of the results (Persengiev et al., 2004; Jackson and Linsley, 2010).
Hence, other gene silencing techniques, including CRISPR/Cas9 system, should be
considered to stably knock out TLR3 in ALI culture of primary HBECs. Finally,

175
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given that the airway epithelium is known to be altered in the asthmatic and COPD
lung (Hiemstra et al., 2015), introducing heritable TLR3 deletions via CRISPR/Cas9
system into primary HBECs from asthmatic or COPD donors and culturing them at
air-liquid interface would certainly give us further insights into physiological and
pathophysiological roles of TLR3 in the airway epithelium.

the potential to utilise natural human Accepted A new section was added “Section 6.2.5” 177
infection models to progress the field. 6.2.5 Human model of experimental RSV Infection

Human experimental infection studies represent the interface between pre-clinical
models and observational studies of patients and thus help mitigate the risks
inherent in progressing to the late-stage trials. The first RSV experimental infection
study was done by Mills et al. (1971) who have challenged healthy males with RSV
Long strain. The human model used in this study allowed studying RSV infection
under controlled conditions and permitted comparison of symptoms, airway
physiology, lung function and airway inflammation (Mills V et al., 1971). Its
evolution to include atopic individuals and mild asthmatic volunteers has
increased our understanding of virus-induced exacerbations and their underlying
processes (Hall et al., 1981; McKay et al., 1988; Higgins et al., 1990; Watt et al.,
1990; Hall et al., 1991b; Lee et al., 2004; DeVincenzo et al., 2010; DeVincenzo et
al., 2014; Kim et al., 2014; DeVincenzo et al., 2015; Habibi et al., 2015). In
addition, the human challenge studies have been instrumental in early proof-of-
concept clinical trials to test the efficacy of candidate RSV vaccines and
therapeutics (Habibi et al., 2015). Hence, we recommend future testing of our
findings using healthy or asthmatic volunteers to help evaluate the therapeutic
value of interfering with TLR3 and CK18/e activity to circumvent RSV-induced GC

resistance.
Potential significance of mucins and mucus | Accepted A new section was added; “Section 1.5.6.” 38-39
as a result of infection 1.5.6 Role of mucus secretion in RSV pathogenicity

The inner lining of the respiratory tract is covered by a layer of a viscoelastic, gel-
like substance called mucus (Rose, 1992). The viscosity and acidity of mucus
protect the epithelial surface from energy and inhibits microbial attachment to the
underlying cells. The viscoelastic properties for mucus are attributed to mucin
(MUC). Mucins are a family of high molecular mass, heavily glycosylated
macromolecules that are the main components of mucus (Evans and Koo, 2009).
Twenty-two MUC proteins are characterized in human and classified according to
their subcellular localization into two groups. The membrane-bound mucins
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possess a transmembrane domain to attach them to the cell membranes. This group
includes MUCT, MUC3A/B, MUC4, MUC11, MUC12, MUC13, MUC15, MUCT6,
MUC17, MUC18, MUC20, MUC21, and MUC22. The second group is secreted
mucins and includes MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUCS, and
MUCT19. Apart from MUC6, MUC7, and MUCT17, all mucins are expressed in the
airways (Hauber et al., 2006; Linden et al., 2008). Mucus overproduction is often
observed in inflammatory lung diseases like bronchial asthma, chronic obstructive
pulmonary disease, bronchiectasis, and cystic fibrosis (Hauber et al., 2006) in
addition to several malignancies like breast, gastric, colorectal, pancreatic, lung,
small bowel, and ovarian cancers (Rakha et al., 2005; Chauhan et al., 2009).

RSV is the leading cause of bronchiolitis and later stages of infection are
characterized by the airways blockage by mucus plugs containing mucus, fibrin,
cellular debris and lymphocytes (Pickles and DeVincenzo, 2015). In mice, RSV-
induced lung damage has been correlated to raised neutrophil infiltration and
elevated levels of TNF-a, a neutrophil recruitment factor that trigger the formation
of MUCT and MUC5AC (Hotard et al., 2015). The RSV G protein has been linked
to mucus secretion in RSV-infected mice (Boyoglu-Barnum et al., 2013). This is
believed to be triggered by the expression of type 2 cytokine, mainly IL-4, IL-5 and
IL-13, and the chemokine MCP-1 (Zuhdi Alimam et al., 2000). In RSV-infected
mice, signalling through the chemokine receptor CXCR2 has increased MUC5AC
expression and in turn the mucus production (Miller et al., 2003). Other studies
have highlighted the role of IL-17, a pro-inflammatory cytokine secreted by
activated T cells, in mucus production in lung (Chen et al., 2003; Hashimoto et al.,
2004). Lately, it has been reported that infecting A549 cells with the structurally-
similar RNA viruses; RSV and human metapneumovirus (hMPV), triggered
differential expression of MUC2, MUC5AC and MUC5B as well as membrane
bound mucins (Banos-Lara Mdel et al., 2015). To summarize, RSV infection can
change the composition of infected airway epithelium via increasing MUC5AC-
secreting cells suggesting a crucial role of mucus secretion in pathogenicity
(Persson et al., 2014).

Typographical and grammatical errors

In abstract:” Dexamethasone” should be
lower case

Edited

Dexamethasone —> dexamethasone
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Standardise the font for the beta unit Edited Font of beta symbol has been adjusted in the respective pages. lv, 78
In Acknowledgement “DR” change to Dr Edited DR —> Dr vii
Use of abbreviations in text, few places the | Edited e rhinovirus —> RV 7,8,97
same words are spelt out in full and e bronchoalveolar lavage fluid—> BALF 135,153
abbreviated after
is higher in “THE” obese population Accepted “the” was added 2
gender is repeated twice. Accepted “And gender” was deleted 3
Change impair to impairs Edited impair —> impairs 4
Change “have decreased” to have also been | Edited “have decreased” —> “have also been shown to decrease” 8
shown to decrease
Change in vitro italics Edited in vitro —> in vitro 8
Sentence grammar is not correct. Edited These sentences were rephrased as “This asthma cohort may experience poorly 8
controlled asthma due to the few alternative anti-inflammatory therapies available.
This in turn leads to disproportionate health care costs due to hospitalisations and
emergency services use.”
and none ARE related Edited is —> are 10
Change corticosteroid to corticosteroids Edited corticosteroid —> corticosteroids 10
Correct grammar Edited thereby hindering from interacting—> thereby hindering GRa from interacting 12
Delete ‘The” Accepted “the” was deleted in the respective pages 12,13
Change human to humans Edited human —> humans 17
Correct grammar Edited The sentence was deleted 19
delete receptors as R in TLR is already Accepted “receptors” was deleted 19
receptor
that has been shown NOT that is proved.... | Edited that is proved —> that has been shown 19
include space between type and bracket Accepted Space was added. 27
has not yet BEEN confirmed Edited has not yet confirmed —> has not yet been confirmed 29
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Change ascertain to ascertaining Edited ascertain —> ascertaining 37
Consistency of units (hour, hr and h, all Edited In the amended thesis, hours and hr was replaced by h throughout thesis. 41, 64, 76,
used in this thesis). 77,79, 92
Font of micro symbol. Standardize with the | Edited Font of micro symbol has been adjusted in the respective page. 41, 82, 83
rest of thesis. As different font used.
Spacing between data value and units ... Edited Corrections were made in the respective pages. Same
others no spacing, keep consistent. 41-50, 53-55, 62-66, 68-72, 75-77, 79-87, 90, 92, 96, 107, 112, 113, 126-129, pages as
130-134, 136, 138, 140,141.143, 145, 147-149, 151 comment
Space between temperature and units and Edited Space between temperature and units was deleted throughout the thesis. 40, 41,
others no spacing, keep consistent. 130
Use of superscript and subscript where Edited e TCID50 was changed to TCIDs, and amended for the entire thesis where xxiii, 42,
appropriate. relevant. 61,127
e MgCl2 was changed to MgCl, 48, 65
* 108 was changed to 10°
Change stock to stocks Edited stock —> stocks 45
this has been abbreviated before. Edited ethylene-diamine-tetra-acetic acid —> EDTA 53
add comma as you use this for our seeding | Edited 75000 —> 75,000 62
densities
Add space” ))” Accepted Space was added. 66
Moch? Edited Moch —> Mock 70
Gene names should always be italicized Edited Gene names were italicized thought the thesis.
Grammar “On contrary to” Edited In the amended thesis, correction was made as follows “Exposure of BEAS-2B cells | 75
transiently transfected with GRE-SEAP expression vector to TLR2 ligands; Zymosan
A (0.1, 1 and 10 pg/mL), or Lipoteichoic acid (1 or 10 pg/mL), for 24hr before 24 h
of dexamethasone induction (30 nM), contrary to TLR3 and TLR4 ligands, did not
attenuate dexamethasone-induced GRE activity”.
Delete hitherto as not scientific language Edited The word “hitherto” was deleted 93
Need space Accepted Space was added 93
hypothesis not hypothesize Edited hypothesize —> hypothesis 95
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Edit as sentence is not scientific writing. Edited This result brings TLR3 back into focus. —> These findings support the notion that | 97

poly I:C diminished GC actions downstream of TLR3.
Change proved to proven Edited proved —> proven 98
incriminate is not scientific writing. edit Edited first to incriminate TLR3 for—> suggested a possible role for TLR3 105
sentence.
formatting issues here Edited Formatting was adjusted. 106
put figure above this. Edited Figure 4.2 position was adjusted. 106
Change oxidants to oxidant Edited oxidants —> oxidant 115
could Edited can —> could 121
Glucocorticoids Edited glucocorticoid —> glucocorticoids 121
we investigated this is a study performed Edited would like to investigate —> investigated 121
and thus should be referred to in past tense
not future
Delete 'the' Accepted “The” was deleted 122
increase Edited increases—> increase 122
Infection is found to upregulate...... Edited RSV infection often upregulates —> RSV infection is found to upregulate 122
makes no grammatical sense Edited before the full RSV clearance RSV —> the full clearance of RSV 122
kinetics Edited kinetic —> kinetics 123
levels Edited level —> levels 123
this sentence needs grammatical attention to | Edited In the amended thesis, corrections were made as follows “Acute RSV infection 124
flow from the previous sentence. triggers cytotoxic responses in the lung where epithelial cells release innate

chemokines that attract innate immune cells to the infection site. The airway

epithelium also includes resident dendritic cells that respond to allergens,

pathogens and damage signals. In addition to resident dendritic cells, exudative

macrophages (also named inflammatory monocytes) and innate lymphoid cells

have been shown to be activated following viral infection. Epithelial-derived innate

cytokines (IL-25, IL-33 and TSLP) play a crucial role where they activate type 2

innate lymphoid cells (ILC2s) and type 2 helper T (Th2) cells that release type 2
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cytokines (IL-4, IL-5 and IL-13) which in turn leads to mucus metaplasia. Hence,

under certain circumstances, allergen exposure is not essential to initiate type 2

inflammation by viral infection”.
replace with 'could be replicated in vivo" Edited would replicate in vivo —> could be replicated in vivo 125
insert “the” before BALB/c Accepted “The” was added 125
delete word “be” Accepted be was deleted 127
were Edited are —> were 127
Grammatically incorrect... "At the Edited “At the experiment conclusion” was changed to “At the conclusion of the 129
conclusion of the experiment!' experiment”
Grammar... use 'receiving' Edited received —> receiving 130
showed Edited have shown —> showed 130
the minus sign is much larger than others Edited —20°C was changed to -20°C 130
seen below for -80.... keep consistent.
delete “has” Edited has led to —> led to 139
neutrophil Edited neutrophils —> neutrophil 139
triggered. Again, refer to this study in the Edited triggers —> triggered 139
past tense.
that characterization of the extent of Edited In the amended thesis, corrections were made as follows “Therefore, it is readily 152
concordances. grammar. edit text. conceivable to characterize of the degree of concordance between the impact of

poly I:C and RSV on murine lung. This may help unravel the relative contribution

of TLR3 activation to the pathogenesis of lung dysfunction following RSV

infection”.
grammar Edited In 5-days model of RSV infection —> Five days post RSV infection, a marked 153

decline was observed in thymus weight, indicative of thymus involution in mice.
incorrect spelling Edited thaught—> thought 153
Delete “the” Accepted “the” was deleted 159
suggests Edited suggest —> suggests 159
gene not genes Edited genes —> gene 160
spelling Edited Int—>in 164
Mice lowercase Edited Mice—> mice 164
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Examiner’s comments

Student’s

Change made to thesis (if any)

Page
reference

response

[ note that the major findings reported in Commentary | e For RSV infection, two sets of experiments were performed using two different
Chapters 3 and 4 have previously been glucocorticoids: budesonide and dexamethasone. For the manuscript, we have
published in an excellent manuscript co- selected the data sets done using budesonide rather than dexamethasone since
authored by the candidate (Xia, Radwan et budesonide is more clinically relevant. However, for the thesis | have selected to

al. PloS Pathogens 2017). However, the include dexamethasone data sets to keep consistent with the rest of experiments

data sets in the manuscript are not the same presented throughout the thesis.

as those that appear in the thesis. The e Figure 6 in the manuscript is identical to Figure 3.19 in the thesis.

relationship between the published e S7 Fig.in the manuscript is identical to Figure 3.10 in the thesis.

experiments in the manuscript and e S6 Fig. in the manuscript is equivalent to Figure 3.20 A, but with extra n added to the
experiments which appear in the thesis data displayed in thesis.

needs to be clarified, as this raises questions e Figure 7A in the manuscript is identical to data presented in Figure 4.4 A (48 h)
about novelty of the data in the thesis and e Figure 7B (left) in the manuscript is identical to Figure 4.7 A in the thesis.

possibly dgpllcatlon Pf work. If the datg sets e Figure 7C in the manuscript is identical to Figure 4.7 B in the thesis.

presented in the the51§ have been published, e Figure 5 C (right) in the manuscript is identical to Figure 3.14 (right),

they must be appropriately referenced. e Figure 5 C (left) in the manuscript is identical to Figure 3.11 (right).

The abstract needs to be re-written; It needs | Accepted Abstract was re-written as follows: iii-iv

to provide a concise rationale for the thesis,
clearly articulate the specific aims, the main
methods used to address each of the aims,
all major findings, and conclusions.

Chronic respiratory diseases such as asthma and chronic obstructive pulmonary disease
(COPD) pose a major public health burden. Hospitalization, mortality and increased
health care costs owing to these diseases are amongst the consequences of
exacerbations. Exacerbations are usually elicited by respiratory infections, allergens,
environmental pollutants or occupational sensitizers. These factors may work in either
an additive or synergistic manner. Regular management using inhaled glucocorticoids
(GCs) has an unquestioned benefit in alleviating exacerbations unless the respiratory
viruses were the trigger. Due to the few alternative anti-inflammatory therapies
available, restoring glucocorticoid (GC) efficacy is indispensable. Among the respiratory
viruses implicated in asthma/COPD exacerbations is respiratory syncytial virus (RSV);
the prime respiratory virus associated with bronchiolitis and pneumonia in infants,
young children, immunocompromised adults and the elderly worldwide. Despite the
fact that RSV-induced pathogenesis is in part inflammatory, the beneficial effect of GCs
in alleviating the symptoms or altering the course of illness is still debatable. Several
reports suggested that RSV infection has a detrimental effect on GC signalling through
mechanisms that are not yet defined.
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Being the prime locus for viral infection and replication and the crucial target for
glucocorticoid therapy as well, airway epithelium has been suggested as a key cell type
in which virus-induced glucocorticoid resistance may occur. The airway epithelium
releases a surplus of cytokines and chemokines leading to airway inflammation and
airway structural changes seen in asthma. Among these inflammatory mediators is the
transforming growth factor B1 (TGF-B1). Our laboratory has identified TGF-B1 as the
key mediator of glucocorticoid insensitivity in bronchial epithelial cells where it ablates
glucocorticoid activity at pathophysiologically relevant picomolar concentrations. We,
therefore, investigated the possible contribution of this key cytokine to RSV-induced GC
resistance.

Data presented within this thesis has provided the first evidence that TGF-B1 drives
RSV-induced GC-insensitivity in bronchial epithelium transformed with Ad12-SV40 2B
(BEAS-2B) cell line. However, blanket inhibition of TGF-B1 using TGF-B receptor
(activin-like kinase 5 (ALK5/ TGF-BR1 kinase) selective inhibitor, SB431542
compromises its beneficial pleiotropic effects leading to serious adverse effects. Our
group has recently identified casein kinase 1delta /epsilon (CK18/¢) as a downstream
effector of TGFB-induced remodelling and steroid resistance. Our data also implicated
CK18/e in RSV triggered impairment of GC responsiveness where pharmacological
inhibition of CK18/e by PF670462 has inhibited the expression and activity of TGF-B1
and subsequently prevented the GC impairment provoked by RSV infection in our in
vitro model. Moreover, PF670462 has significantly subdued RSV-induced expression of
pro-inflammatory gene suggesting the potential for additional beneficial anti-
inflammatory activities mediated by PF670462. This potential was further confirmed in
vivo, where we have provided evidence of an interaction between PF670462 and
dexamethasone to achieve greater control of the pulmonary inflammation following
RSV infection.

Moreover, we evaluated the contribution of different epithelial pattern recognition
receptors (PRRs) involved in RSV sensing in the apparent resistance using a wide array
of PRRs ligands. Among the ligands tested was polyinosinic:polycytidylic acid (poly
1:C); a synthetic analogue of double-stranded RNA (dsRNA) that is frequently used as a
viral mimic. Our results showed that that viral pathogen-associated molecular patterns
(PAMPs), most importantly double-stranded RNA (dsRNA), activates toll-like receptor 3
(TLR3), activates toll-like receptor 3 (TLR3) that in turn signals through the extracellular
signal-regulated kinase 1/2 (ERK1/2)-dependent pathway to promote TGF-@ activity
hence mediating GC resistance in airway epithelial cells. Genetic approaches
established that targeting TLR3 may restore the responsiveness to glucocorticoids.
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In conclusion, we demonstrated that RSV impairs glucocorticoid sensitivity in airways
epithelium partly through TLR3 activation with subsequent release of TGF-B1, a potent
mediator of glucocorticoid resistance. We also implicated CK118/¢ in the apparent
resistance. This thesis provided novel insights into mechanisms of glucocorticoid
insensitivity in the airway epithelium. These findings offered two novel anchor points;
CK118/e and TLR3, for a potential treatment for the prevention/treatment of GC
insensitivity occurring during RSV infection-induced bronchiolitis or asthma/ COPD
exacerbations.

CK1./: needs to be appropriately Accepted The following sentences was added: “However, blanket inhibition of TGF- 1 using iii-iv

introduced so that the reader understands TGF-B receptor (activin-like kinase 5 (ALK5/ TGFBR1 kinase) selective inhibitor,

the rationale for investigating it and the SB431542 compromises its beneficial pleiotropic effects leading to serious adverse

significance of the finding effects. Our group has recently identified casein kinase 1delta /epsilon (CK18/¢) as a
downstream effector of TGF-B-induced remodelling and steroid resistance.”

It is unclear how the TGF beta and CK Accepted The following sentence was added. “Our group has recently identified casein kinase iv

pathways are related, this needs explanation 1delta /epsilon (CK1 8/¢) as a downstream effector of TGF-B-induced remodelling and
steroid resistance.”

poly I:C needs to be introduced Accepted In the amended thesis, the poly I:C was introduced as follows iv
“polyinosinic:polycytidylic acid (poly I:C); a synthetic analog of double-stranded RNA
(dsRNA),”

Steroid-resistant asthma is relatively resistant | Edited In the amended thesis, introduction was edited as follows: “Chronic respiratory diseases | 1

to corticosteroids in general, not just during are a diverse group of illnesses affecting the airways and other lung structures. The

periods of disease exacerbation. most significant of these disorders are asthma, chronic obstructive pulmonary diseases

Please revise this introduction so that (COPD), pulmonary hypertension and idiopathic pulmonary fibrosis (IPF). Among these

rationale is clear - you are not focussed on disorders, asthma is the most prevalent in Australia with one in nine (equivalent to 2.8

the steroid-resistant (severe) asthma million people) has asthma based on data reported from the 2017-18 Australian Health

phenotype per se, rather you are concerned Survey (AHS) (Health and Welfare, 2020). Despite being incurable, asthma is largely

with viral exacerbations of asthma and their manageable except for exacerbations that respond poorly to steroids. This fact sparks

lack of response to treatment with steroids our interest to explore treatment improvement for steroid-resistant asthma

(this is a different thing). exacerbations. Hence, in this section, we will review the epidemiology, pathogenesis
and treatment options of asthma exacerbations with a focus on exacerbations of viral
aetiology.”

Delete or Accepted mild or moderate or severe or life-threatening —> being mild, moderate, severe, or life- | 2
threatening.

This is a very limited study published 14 Accepted More recent references were cited. 2

years ago. | suspect we have learnt more
about the exacerbator phenotype since then,
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perhaps include/discuss more recent papers
on this?

e Suau, S.J., and Deblieux, P.M.C. (2016). Management of Acute Exacerbation of

Asthma and Chronic Obstructive Pulmonary Disease in the Emergency Department.
Emergency Medicine Clinics of North America 34, 15-37.

e Kostakou, E., Kaniaris, E., Filiou, E., Vasileiadis, I., Katsaounou, P., Tzortzaki, E.,

Koulouris, N., Koutsoukou, A., and Rovina, N. (2019). Acute Severe Asthma in
Adolescent and Adult Patients: Current Perspectives on Assessment and
Management. Journal of Clinical Medicine 8, 1283.

Delete word(s) Accepted The following words were deleted: Same
e In page 3, “changes in”, “and gender” pages as
e In page 4, “impaired”, “the” comments
e In page 19, “intracellular”, “receptors”
¢ In page 22, “anti”
¢ In page 26, “a mimic to RSV”
e In page 31, “growth factors”
e In page 34, “release”
e In page 35, “has”
e In page 114, “diluting”
Are you suggesting that factors discussed Edited The sentence was amended as follows “Some individual characteristics have been 3
here are modifiers of viral-induced proposed as potential modifiers of asthma exacerbations severity”
exacerbation?
Or are these factors that are associated with
more severe exacerbation?
Please clarify
Write dash Edited bronchoconstrictor like —> bronchoconstrictor-like 4
Delete sentence “The virus and increased Accepted The sentence was deleted. 4
sensory nerve exposure to allergens.”
This is a systematic review from 20 yrs ago. | Accepted More recent references were added: 7
Are there recent references to support this? ¢ Alangari AA (2014) Corticosteroids in the treatment of acute asthma. Annals of thoracic
medicine 9(4):187-192. doi:10.4103/1817-1737.140120
e Hasegawa, K., Craig, S.S., Teach, S.J., and Camargo, C.A. (2021). Management of
Asthma Exacerbations in the Emergency Department. | Allergy Clin Immunol Pract. In
press.
Reducing risk of future exacerbation (by Edited

improving asthma control) is different to
medical management of virus-induced
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exacerbations. You need to be mindful of
this difference when discussing each of the
therapeutic options - you have made the
distinction for GCs, IFN-b and anti-IgE.

e Please clarify use of anti-cytokine e The sentence was edited as follows “The third approach to reduce the risk of 8
therapies in terms of reducing risk vs use exacerbations is to alleviate pulmonary inflammation via different anti-inflammatory
in management of exacerbation. This is strategies.”
about reducing risk, not treating the
exacerbation once it has occurred. Please
clarify
Again, distinguish between reducing risk Edited The sentence was amended as “The last approach to reduce the risk of virus-induced 9
and treating the exacerbation asthma exacerbations is to target the virus itself via vaccination, use of antiviral drugs or
preventing the entry of the virus”.
Legend to ligands Accepted binding of TLRs to their legend —> TLRs ligands binding 25
Correct TL3 Accepted TL3 —> TLR3 25
RSV-induced GC-resistance has not been Accepted RSV-induced GC-resistance was discussed in Section 3.1 65-66

specifically discussed

Significant omission is the critical review of
mechanisms by which RSV impairs GC
activity

Being the prime locus for viral infection and replication and the crucial target for
glucocorticoid therapy as well, airway epithelium has been proposed as the main cell
type where virus-induced glucocorticoid resistance may occur. RSV has been shown to
potentially interfere with the anti-inflammatory activity of steroids in epithelial cells
(Bonville et al., 2001; Carpenter et al., 2002), yet with undefined mechanism.

Three potential pathways could contribute to RSV interference with GC signalling.
These include production of autocrine factors such as cytokines; activation of
intracellular signalling pathways; or via a direct viral proteins or RNA effect. Airway
epithelial cells produce an array of pro- and anti-inflammatory cytokines and
chemokines including the type-I and -Ill interferons (IFN-a/B and IFN-A), TNFa, IL-4, IL-
8, IL-13, IL-17, CCL3 and RANTES (Zeng et al., 2011). Some of these autocrine factors
such as IL-2/IL-4, IL-13, TNFa, IL-6, IL-8, IFNy and IFNa have been proved to interfere
with epithelial response to GC (Rider et al., 2011; Zijlstra et al., 2012; O'Connell et al.,
2015). This fact has tempted researchers to postulate that RSV-induced cytokines could
impair GR function. When tested, RSV-conditioned media failed to repress expression
of GC-responsive genes (Webster Marketon et al., 2014) despite being able to induce
IL-8 transcription (Patel et al., 1998). These findings suggest that RSV-induced GC
irresponsiveness is not triggered by a soluble autocrine factor.
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RSV infection also activates a number of host signalling pathways, such as NF-kB,
phosphoinositide 3-kinase (PI3K), and MAP kinase pathways (Garofalo et al., 1996;
Mastronarde et al., 1996; Thomas et al., 2002; Lindemans et al., 2006; Singh et al.,
2007). Several studies have reported the mutual transcriptional antagonism between GR
and these pathways, so GC resistance could be a result of the activation of these
pathways (Ray and Prefontaine, 1994; Irusen et al., 2002; Adcock and Lane, 2003;
Marwick et al., 2009; Ayroldi et al., 2012). However, Hinzey et al. (2011) have
excluded the possible involvement of NF-kB pathway in repressing dexamethasone
actions in RSV-infected lung epithelial cells.

Interference with the initiation of these signalling cascades has been also tested. MyD88
is a downstream adaptor molecule of TLRs or RIG-1 signalling pathways and its
knocking-down did not restore dexamethasone-induction of GILZ expression in RSV-
infected A549 cells ruling out its contribution to the apparent RSV-induced GC
resistance. Knockdown of MAVS, another downstream adaptor of RIG-1 signalling
cascade, has significantly reduced dexamethasone induction of GILZ in mock-infected
cells that further reduced in case of RSV infection, albeit non significantly (Webster
Marketon et al., 2014). Hence, we cannot exclude MAVS biological role in the RSV-
induced GC insensitivity. Webster Marketon et al. (2014) have continued to test the
possibility of a direct viral proteins or RNA effect. It is known that NST and NS2
proteins of RSV inhibit the interaction between RIG-1 and MAVS with subsequent
suppression of type | interferon response (Ling et al., 2009; Boyapalle et al., 2012).
Overexpression of NS1, but not NS2, repressed GC induction of GILZ. This observation
was held true when tested using viruses with deletions in the NST, but not NS2 genes,
that prevented RSV suppression of glucocorticoid-induced GILZ (Webster Marketon et
al., 2014) suggesting that nonstructural proteins mediate the RSV suppression of GR

function.
The complete omission of any Accepted The following text was added to Section 3.1 66-67
review/discussion of casein kinase 15/, We have previously established TGF-$ as a profound mediator of glucocorticoid
which is investigated in chapters 3 and 5 resistance in A549 cells (Salem et al., 2012), human immortalized bronchial epithelial

BEAS-2B cells, and in ALI-differentiated primary HBECs (Keenan et al., 2014). Our
group has unravelled a potential link between RSV infection and TGF-B, where TGF-$3
functions in an autocrine manner to mediate glucocorticoid insensitivity in RSV-
infected BEAS-2B and primary bronchial epithelial cells (Xia et al., 2017). Since TGF-8
is crucial to diverse cellular activities (Boxall et al., 2006), broad inhibition of TGF-B is
not clinically feasible due to the known risk of autoimmune colitis (Shull et al., 1992;
Kulkarni et al., 1993), tumorigenesis (Hahm et al., 2001; Oyanagi et al., 2014) and
mitral valve lesion (Anderton et al., 2011).
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Our group comprehensively reviewed TGF-B1 signalling pathways to define the
downstream pathways by which TGF-_ impairs epithelial GC actions, hence identify
novel targets to circumvent GC resistance (Salem et al., 2012; Keenan et al., 2014). We
have found that TGF-f profoundly impairs GC responsiveness not through known non-
canonical pathways, nor through Smad4-dependent signalling, suggesting that a novel
non-canonical signalling mechanism.

Comprehensive literature review revealed a little-known connection between TGF-f1
signalling and casein kinase (CK) activity. Of particular interest, casein kinase has also
been implicated in the TGF-f1 signalling cascade in compelling studies. The immune-
precipitated TBRII is reported to possess an intrinsic casein kinase activity, suggesting
that casein kinase may be involved in one of the signalling cascades subserving the
activity of TGF-B1 (Hall et al., 1996). Furthermore, CK1¢ is able to phosphorylate the
receptor-activated Smads and the TBRII in vitro. More importantly, inhibition of
endogenous CKT1 catalytic activity with IC261 blocked TGF-B-stimulated transcriptional
activity (Waddell et al., 2004). Intriguingly, our laboratory found that inhibition of
CK18/e by PF670462, prevented TGF-B1-induced EMT in A549 human alveolar
epithelial cells and TGF-B1-activated fibrogenic gene expression in human lung
fibroblasts (Keenan et al., 2018). CK18/e may therefore be an important component in
the TGF-B signalling cascade. Hence, in the current study, we sought to selectively
modulate TGF-B1 activity by targeting CK18/e using PF670462, a dual inhibitor of
CK18/e activity, seeking to restore GC sensitivity in RSV-infected epithelial cells.

“Fhesis hypothesis and main aims” Edited Fhesis hypothesis and main aims —> Hypothesis and aims 43

Please provide references Accepted The following citations were added (Hinzey et al., 2011; Webster Marketon and Corry, | 43
2013a; b; Webster Marketon et al., 2014)

Please articulate aims such that they reflect | Edited The aims were edited as follows: 43

the specific studies undertaken in each of e defining the contribution of TGF-B in the RSV-induced GC resistance. The results of

the chapters. this work are presented in Chapter 3.

¢ systematically evaluating the impact of activation of different PRRs involved in RSV
sensing by their respective ligands, on GC responsiveness in human bronchial
epithelial cells. The results of this work are presented in Chapter 3.

e characterizing the novel role of the casein kinase 1 8/¢ (CK18/¢) inhibitor;
PF670462, in counteracting RSV-mediated attenuation of steroids response in the
human airway epithelial cells. The results of this work are presented in Chapter 3.
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e confirming the intracellular signalling cascade involved in RSV-mediated ablation of
GC responsiveness in human airway epithelial cells. This was done by siRNA-
mediated gene silencing. The results of this work are presented in Chapter 4.

e ascertaining the impact of the CK18/¢ inhibitor; PF670462, on airway inflammation in
murine models of RSV infection and poly 1:C acute lung injury. The results of this
work are presented in Chapter 5.

This is a systematic review re use of chest Accepted “Roqué i Figuls et al., 2012” and the corresponding reference was deleted. 65

physiotherapy in bronchiolitis, does not

relate to effects of GC in acute bronchiolitis

RSV is not mentioned in this reference Accepted “Webster and Sternberg, 2004” and the corresponding reference was deleted. 65

These are abstracts. Not clear why In the amended thesis, the following citations (Yuxiu et al., 2013; Yuxiu et al., 2014; 66, 70,

manuscript by Yuxiu C. Xia et al is not Yuxiu et al., 2015) were replaced by (Xia et al., 2017). 89, 102,

referenced? 172

legend to ligand Accepted legend —> ligand 67

“Thus, we systemically assessed the PRRs Edited/ “including TLR 2, 3, 4, 7 and RIG/MDA5” was added. 68

including that contribute to RSV sensing for | Commentary | They have been selected based on their role in the innate immunity to RSV as clarified

their potential contribution to GC in “PRRs that contribute to RSV sensing”

insensitivity following RSV infection in order

to delineate the driving mechanisms of the

apparent resistance.”

You have not investigated all PRRs, state the

specific PRRs that were investigated and

rationale for selecting these PRRs

e Casein kinase 1 delta/epsilon signalling ¢ In Section 3.1, text was added as mentioned above. 60
needs to be introduced

Is there a reason why you did not examine | Commentary | The mRNA expression levels of RIG-1 and MDA-5 were not measured since the

mRNA expression of RIG-I and MDA-5?2 respective primers where not available in the laboratory.

Is this a typo? Data in Fig 3.2A does not Edited The sentence was edited as follows “Based upon the basal mRNA expression (2- 73

suggest robust TLR5 basal expression of in
BEAS-2B cells.

TLRs-1, -5, -6, -9 are present, but at low
levels, while the expression of TLR7, -8 and
-10 appears to be negligible

2%Tx10%), the most highly expressed TLRs were TLR2, TLR3 and TLR4, TLR 1, TLR5,
TLR6 and TLR9 were also expressed but al lower levels, whereas TLR7, TLR8, and
TLRTO mRNA appeared to be negligible as shown in Figure 3.2.”
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Since hypothesis is that RSV-induced TGF-b | Commentary | Our group assayed TGF- released in the cell culture supernatant using BD OptEIA™

release might be responsible for RSV- Human TFG-B1 ELISA Set. However, there was some technical difficulties with the
mediated GC resistance, it is unclear why assay sensitivity. The minimal TGF-B level could be detected was approximate 10-fold
TGF-b release was not examined at this higher than the minimal level claimed on the kit technical data sheet (1ng/ml vs

early stage of the investigation 0.1ng/ml). The ELISA assay absorbance values obtained from our samples were lower

than the linear range of the curve, which suggested that the released TGF-f level was
lower than Tng/ml and the data was unreliable interpretation.

Our group did not put too much effort on troubleshooting, as TGF-f can be produced
in a latent form. TGF- activity is regulated through the conversion of latent TGF-8 to
active TGF-B by a number of proteases. There is not necessarily a linear relationship
between the viral infection-induced expression of TGF-B mRNA and its activity. The
low TGF-B mRNA expression level does not mean low TGF-B activity. Therefore, the
time-dependent expression and release of TGF-, and the concentration response-
relationship for the induction of PAI-1, were not studied.

please give specific n numbers Accepted In the amended thesis, specific number of biological replicates were stated in each
figure ligand.
Please specify comparisons being made, | Accepted In the amended thesis, “c.f. unstimulated control” was added. 74

assume comparisons here are versus
unstimulated control

Please all results in text. You have neglected | Accepted The following sentence was added “Moreover, mRNA expression of promyelocytic 75
to mention that RSV does not impair Dex- leukaemia zinc finger protein (PLZF); a transcriptional repressor that mediates

induced Promyelocytic Leukaemia Zinc antiproliferative and apoptotic actions of GCs, showed a slight decrease, however non-
Finger Protein significantly, in RSV-infected cells.

Add * RSV vs RSV+Dex in GRE data Accepted Panel A in figure 3.3 was amended to include the required comparison. 76
e “c.f. Dex 30 nM response” this is Accepted e “c.f. Dex 30 nM response” was deleted. 77

confusing as it does not indicate which
dex response... not needed, as
comparisons are made in the figure.

¢ Also, why 2 stars here and 4 stars in the e “**p<0.01” was replaced with “****p<0.0001” 77
figure?

e Please clarify if GRE activity in Dex e In the amended thesis, the following sentence was added “Noteworthy, GRE activity | 75
treated RSV infected cells is still was not reduced to baseline levels in RSV-infected cells treated with dexamethasone
significantly induced, i.e. is there (30 nM), and there was still some residual, however significant, induction of GRE
significant induction in GRE activity activity compared to vehicle-treated RSV infected cells (p=0.0047)".

compared with vehicle treated RSV
infected cells. In other words, is GRE
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activity reduced to baseline levels, or is
there still some residual activity in RSV
infected cells treated with Dex

Up until this point, you have not Accepted RSV-induced GC insensitivity —> RSV-induced attenuation of GC-induced gene 80
demonstrated RSV-induced GC insensitivity transactivation and GRE activity
- you have shown that RSV attenuates Dex-
induced GRE activity and transactivation
It is unclear why the candidate has used Commentary | The reason was added in Section 3.4.3 as follows “Heat inactivation of the virus 78
both heat-inactivated virus and UV denatures the viral proteins, hence, allows exploring the residual impact of ssRNA viral
inactivated virus to answer this question — genome alone. On the contrary, UV inactivation damages the viral genome through
this needs to be better explained; if heat- dinucleotide crosslinking, while maintaining the viral proteins intact.”
inactivation is not examining the impact of
viral replication, then why include the data?
Rationale/purpose of these studies is unclear | Edited ¢ A new section “Section 3.4.3 RSV-induced expression of inflammatory cytokine was | 78
- they do not address the aim stated at the largely replication-dependent” was added.
start of this paragraph ¢ The aim was clarified as follows “We thought to explore whether virus replication 78
was needed to induce expression of inflammatory cytokine; IL-6 and IL-8 or the
surface contact with viral components was sufficient.”
Please clarify it is clear from Fig 3.4 that Edited ¢ Dexamethasone (30nM) remarkably dampened expression of pro-inflammatory 78
Dex inhibits IL-6 and IL-8 expression in RSV cytokines; IL-6 and IL-8 in RSV-infected, HI-RSV- or UV-RSV-challenged BEAS-2B
infected cells, however, it is not clear if this cells (Figure 3.4 B). 79
is also the case in cells infected with HI or e Figure 3.4 B was amended to include the requested statistical comparisons.
UV treated RSV.
Please clarify in text and include relevant
statistical comparisons in figure 3.4B
¢ You cannot derive this conclusion from Edited/ ¢ The sentence was edited as follows “These data support the notion that RSV-induced | 80
the data presented in Fig 3.5. Rebuttal impairment of GC sensitivity is at least partially replication-dependent.”
¢ To examine whether RSV-dependent commentary | e Text was added as follows “Although the fact that the sets of experiments using 80
inhibition of GRE activity is replication replication competent RSV, HI-RSV and UV-RSV were performed separately in
dependent, need to compare effect of different cell culture plates, which is a suboptimal experimental setup for
replication competent RSV, HI-RSV and comparison, during each experiment, the virus and mock used were originating from
UV-RSV in the same experiment. the same virus or mock batch. In addition, BEAS-2B cells were obtained from the
same source, were of similar passage number, and were handled at the same facility.
e HI-mock and UV-mock is not appropriate These might partly minimize the impact of confounders and make the comparison
control treatment possible.” 69-70
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e Mock was used as a control in the current study to ensure that the observed effects
were due to the virus itself not to another RSV stock component since it is crudely
prepared from infected HEp-2 cells. The following explanation was added to section
3.3.2 “Previous study reported that when cell culture medium was irradiated with UV
at relevant disinfection doses, the chemical composition of the media was affected
with respect to several carboxylic acids, and to a minimal extent, amino acids (Yen et
al., 2014). Moreover, heat inactivation decomposes heat-liable medium components.
Hence, the mock inoculum was subjected to the identical inactivation procedure
either by heat or UV-irradiation to help serve as a negative control in these sets of
experiments.”

Add reset of ** in IL-6 IL8 figures vs dex Accepted Figure 3.4 B was amended to include the requested statistical comparisons. 79
treatment for hirsv and uvrsv
UV-mock and HI-mock are inappropriate Rebuttal Mock was used as a control in the current study to ensure that the observed effects were | 69-70
controls. Need to compare response to Commentary | due to the virus itself not to another RSV stock component since it is crudely prepared
replication competent RSV. from infected HEp-2 cells.
Justification was previously mentioned explanation in Section 3.3.2
there is one star in figure A Accepted > * 81
Did RSV infection lead to complete Accepted In the amended thesis, the following sentence was added “Noteworthy, GRE activity 76
inhibition of GRE activity? See previous was not reduced to baseline levels in RSV-infected cells treated with dexamethasone
comment (30 nM), and there was still some residual, however significant, induction of GRE
activity compared to vehicle-treated RSV infected cells (p=0.0047)"
In the amended thesis, the following sentence was added “However, neither of the 80
tested concentrations had led to complete inhibition of GRE activity.”
Also, pre-incubation with TLR2 ligand Accepted In the amended thesis, the following sentence was added “Noteworthy, pre-incubation | 83
zymosan seems increase GRE activity. with TLR2 ligand; Zymosan A at 10 pg/mL had led to approximately 50% increase in
Please include result in text. GRE activity”.
Please include statistical comparisons in Accepted Figure 3.9 was amended to include suggested statistical comparisons. 86
figure for better clarity (even if not
statistically sig.)
It would have been useful to confirm Commentary | The mRNA expression levels of RIG-1 and MDA-5 were not measured since the
expression of these receptors in your in vitro respective primers where not available in the laboratory.
system, as you did for other TLRs.
You cannot draw this conclusion from this Accepted The sentence was edited as follows “RLRs might not contribute to RSV-induced GC 83

data, as GC-insensitivity may be mediated
by other mechanisms.

insensitivity in epithelial cells.”
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All you can say is that RIG-I/MDA-5
signalling does not impair GC induction of
GR-regulated genes

It would be helpful to the reader if at this Accepted ¢ The following text was added “These findings suggested that RSV-induced TGF-$ 88
point you clarify that RSV induced TGF-b expression might be dependent on the activation of ALK5. Our group provided
expression appears to be dependent on the additional evidence of a role for ALK5 activation in RSV-induced TGF-B expression
activation of TGF-b receptors. using a structurally distinct ALK5 inhibitor; GW788388 and ALK5 siRNA, where both
Is it possible that RSV activates TGF-beta methods had shown to ablate TGF-B expression in RSV-infected cells.”
receptors?
Cannot make this conclusion, inappropriate | Rebuttal Justification for use of HI-mock and UV-mock was added to Section 3.3.2 as mentioned | 69-70
controls used commentary | above.
Inappropriate controls used Rebuttal Comment is mentioned above. 69-70
commentary
Please include statistical comparisons in Accepted Figure 3.13 was amended to include requested statistical comparisons. 91
figure for better clarity (even if not
statistically sig.)
This needs some introduction/explanation, it | Accepted New text was added to Section 3.1 as mentioned above 67
is unclear how CK1 relates to TGF-beta
pathway
How does CK1 regulate TGF-b release? Is
there any mechanistic basis for this?
These results are more about PF and SB, Edited Section 3.4.11 was amended as follows: 95
rather than dex? Rationale for these studies 3.4.11 Inhibition of CK1 8/e or ALK5 subdues pro-inflammatory cytokine expression in
needs to be clarified RSV-infected BEAS-2B cells
The expression of genes encoding IL-6 and IL-8 are known to be regulated by
glucocorticoid transrepression mechanism (King et al., 2013). Therefore, we
investigated whether RSV infection impairs the regulation of IL-6 and IL-8 expression in
BEAS-2B cell. As expected, RSV infection prompted the expression of IL-8 and IL-6
mRNA in BEAS-2B cells. Dexamethasone (30 nM) subdued the RSV infection-induced
IL-6 and IL-8 expression. Next, we explored whether the inflammatory response
triggered by RSV infection can be inhibited by targeting ALK5 or CK18/¢. Interestingly,
pre-treatment of cells with either SB431542 (1 uM) or PF670462 (10 pM) prior to RSV
inoculation had no effect on IL-8 mRNA expression, yet significantly repressed RSV-
induced IL-6 expression (Figure 3.18 A and Figure 3.18 B).
You have not specifically demonstrated a Accepted TLR3-ERK1/2-dependent pathway —> ERK1/2-dependent pathway 97

role for TLR3 (findings with poly IC suggest
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a role for TLR3, this needs to be confirmed
through specific inhibition of TLR3)

What is rationale for focussing on the ERK Accepted The following sentence was added “Therefore, the involvement of these pathways was | 97
pathway? investigated. Interestingly, while RSV infection had no significant effect on
phosphorylation of p38MAPK, Akt, JNK and NFkB (results not mentioned here), RSV
infection triggered ERK1/2 phosphorylation in BEAS-2B cells, as demonstrated by
Western blotting using corresponding antibodies and phospho-antibodies (Figure 3.19
A).
Given size of error bars (Fig 3.19A), l would | Edited tend to suppress —> “ had no effect on the phosphorylation of ERK1/2, albeit the data 97
not draw any conclusions about trends were too variable to provide a confident interpretation (1951.6 £ 910.4, 1348.7 £
543.4, p=>0.9999).”
As discussed in Ch1, the morphology and Accepted The concern was added as a limitation in Section 3.6 108-109
differentiation of the airway epithelium
impact susceptibility to viral infection and
the ensuing immune response.
Thus, while studies in BEAS-2B monolayer
cultures may provide an appropriate and
feasible approach to investigate RSV
responses, it is important to recognize
limitation of using cell line in monolayer
culture - please discuss possible limitations.
You have not really done this, you have Edited we have dissected the possible role of each of RSV-sensing PRRs in ablating GC 111
examined possible role of viral sensing PRRs sensitivity during viral infection —> we examined the possible role of each of RSV-
in impairing GC response - it was not a sensing PRRs in altering GC sensitivity during viral infection.
comprehensive investigation based on
receptor inhibition etc
You are overstating this - data using TLR3 Edited The following sentence was rephrased as “we have successfully pinpointed TLR3 and to | 111
ligand suggests a role for TLR3, you are yet a lesser extent TLR4 as the major contributor to this detrimental effect.” —> Of all PPRs
to definitively establish this tested, we suggested that TLR3 and to a lesser extent TLR4 had partly contributed to the
apparent GC resistance
Iminify is this a word? Edited minify —> diminish 113
As a major sensing of viral pathogens, it Edited The question that arises is whether TLR3 functions as a defence or offence in the 113

would be hard to argue it has a detrimental
role? It is more about whether viruses can
circumvent TLR3 signalling to gain

antiviral host immunity —> However, it is quite challenging to understand the
protective versus pathogenic contribution of TLR3 in viral infections. The question that

S38




APPENDIX

advantage? Or pathological situations that
lead to aberrant/unintended activation of the
receptor?

arises is whether viruses can circumvent TLR3 signalling to gain advantage? or
pathological situations that lead to aberrant/unintended activation of the receptor?

Not really clear from this para what you are | Edited The sentence was amended as follows “A controversial role of TLR3 has been reported | 114
referring to by a detrimental role. Needs in Human immunodeficiency virus type 1 (HIV-1, ssRNA) infection, where activation of
better explanation the TLR3 signalling cascade with poly(l:C) triggers an antiviral response that limits HIV-

1 infection in cell culture, suggesting a therapeutic potential for TLR3 ligands against

HIV-1 infection in humans (Rivieccio et al., 2006; Swaminathan et al., 2012).”
this was not investigated Accepted “replication” was deleted 115
What is rationale for investigating effect of Accepted The following text was added “Dexamethasone is a potent modulator of the innate 117
Dex on RSV/poly IC induced TLR3 immune system by shifting the TLR system response pattern from an inflammatory to an
expression? anti-inflammatory state (Broering et al., 2011). However, modulation of TLR expression
This is not set out as an aim by glucocorticoids has not been established yet. Hence, we sought to explore the

impact of dexamethasone on TLR3 expression level in BEAS-2B cells.”
Did you check impact on other viral sensing | Accepted Added as a limitation in Section 4.6 128
PRRs? May need to acknowledge this as a
limitation
There was no significant inhibition of TGF-b | Edited Text was amended as follows “However, TGF-B1 expression in RSV-infected cells 119
expression showed a decreasing trend, albeit non-significant, following TLR3 knockdown (Figure

4.7 A)."
Data for PAI-12 When there is missing data, | Accepted PAI-1 graph was added to Figure 4.8, Panel A (right) 122
please acknowledge, perhaps provide
reasons why the experiments were not
done?
Not correct, data with dsRNA suggests a role | Edited The sentence was edited as follows “In the preceding chapters, we, for the first time, 124
for TLR3, which you specifically investigate suggested that TLR3 contributed at least partially to impairment of RSV-induced
here glucocorticoid responsiveness in the bronchial airway epithelial cells.”
You have not studied RSV replication? Accepted “replication” was deleted. 124
What about effects on other relevant Accepted Added as a limitation in Section 4.7 128

(dsRNA/RSV sensing receptors, such as PKR,
RIG-1 and MDAb5)??

Need to acknowledge possible off-target
effects re these receptors and acknowledge
as limitation (as u did not confirm that they
were not impacted by TLR3 siRNA)
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This may also suggest that TLR3 is not the Accepted The following sentence was added “Moreover, our findings suggested that TLR3 is not 126

major driver of the RSV-mediated the major driver of the RSV-mediated inflammatory response.”

inflammatory response? Should discuss this

possibility and implications

No data re viral clearance is presented in Edited This refers to previous studies. For clarification, the following citations was added 126

this chapter “(Rudd et al., 2005; Hillyer et al., 2018)”

Do these references show that RSV- Edited Text was amended as follows “Literature has reported that TGF-$ is expressed during 127

mediated TGF is TLR3 dependent? Please RSV infection of lung epithelial cells (McCann and Imani, 2007; Gibbs et al., 2009;

clarify - I had a quick look at the references, Mgbemena et al., 2011; Bakre et al., 2015) and macrophage (Pokharel et al., 2016),

and it does not look like they investigate however, the mechanism that elicits TGF- 81 expression during viral infection is still

role of TLR3 in RSV-mediated TGF-b release unclear.”

abrogated to induced Edited Abrogated —> induced 127

This is not correct Edited Text was amended as follows “In the context of RSV, we have found that TGF- 1 127
expression tended to decrease upon TLR3 ablation, albeit not significantly.”

You did not examine the TLR3 pathway Edited Text was amended as follows “We suggested that dsRNA originating from RSV mightin | 127
part bind to TLR3 and activates ERK1/2 pathway to induce TGF-8 expression.”

In the current study, it is tempting to Edited Text was amended as follows “Although not fully investigated, it is tempting to 127

postulate that RSV or poly I:C activates the postulate that poly I:C activates the TLR3/ERK/Autophagy axis to induce the TGF-8

TLR3/ERK/Autophagy axis to induce the expression that mediates the steroid activity impairment in the bronchial epithelium.”

TGF-B expression that mediates the steroid

activity impairment in the bronchial

epithelium.

Data presented in this chapter does not

support a role for TLR3 in RSV mediated

TGF-b release

This conclusion cannot be drawn from the Edited Text was amended as follows “Data presented in the current chapter suggested TLR3 129

data presented. inhibition as a possible strategy for targeted management of RSV-induced respiratory
diseases that respond poorly to steroids.”

The data does not support this conclusion Edited Text was amended as follows “TLR3 knockdown has at least partially repressed the 129
RSV-induced expression of TGF-B1”

You have not specifically examined TLR3 Edited The title of the chapter was changed as follows TLR3 Activation —> Double-stranded 130- 131

expression or activation in this chapter RNA

Detailed review of animal models of RSV Text was added as follows “Although the RSV mouse model of RSV infection has 134 -135

infection is not directly relevant to the
question of the thesis. A concise justification

provided much of our understanding regarding allergic responses after presensitization
(Openshaw, 1995; Graham, 1996), RSV is not a natural pathogen of rodents, hence in
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for use of mouse model is all that is needed. vivo viral replication is limited. Additionally, the clinical and pathophysiologic sequela
Also, important to discuss rationale for using in mice do not mimic those of severe RSV infection in humans. Therefore, acute

RSV rather than natural mouse pathogen respiratory infection mouse model was developed using pneumonia virus of mice
(PVM) (PVM) (Horsfall and Hahn 1940). PVM is a pneumovirus and natural pathogen of rodent

and the closest phylogenetic relative of RSV (Easton et al., 2004; Rima et al., 2019).
Mice inoculation with as few as 10 pfu of PVM results in acute inflammatory response
that progress to respiratory failure and death at lung viral titers more than 106 pfu/g of
lung tissue (Domachowske et al., 2001). The pathogenesis of PVM infection in mice
closely imitates the signs and symptoms of severe human RSV infection. First, PVM is
localized to the bronchiolar epithelium (Bonville et al., 2006), parallel to the
distribution observed for RSV in human post-mortem specimens (Welliver et al., 2007).
Second, profound inflammation of the lungs is evident by the recruitment of
lymphocytes, neutrophils, and eosinophils and severe pulmonary edema. Third, viral
replication in the mouse lung tissue results in local production of proinflammatory
mediators including MIP-1a, MIP-2, and MCP-1, IFNy (Bonville et al., 2006), consistent
with those detected in nasal washings and lung of human infants with RSV triggered
bronchiolitis (Domachowske et al., 2004; Easton et al., 2004).

Although PVYM model mimics some features that clearly conform to human
pathophysiology, others do not (Dyer et al., 2012). For instance, PVM infection induce
little to no overt inflammation in neonatal mice (Bonville et al., 2007). Likewise, a
distinct pattern of infection cannot be established in aged mice (Bonville et al., 2010).
Another drawback of PYM model include the high genetic distance between PVM and
hRSV ranging from 10 to 60%, and lack of direct cross-reactivity (Krempl et al., 2005;
Dyer et al., 2012).

In addition to the above-mentioned limitations, minimal virus inoculum results in
robust virus replication in situ progressing to marked morbidity (hunching, fur ruffling),
weight loss, and mortality in PVM-infected mice (Domachowske et al., 2000a;
Domachowske et al., 2000b; Anh et al., 2006; Dyer et al., 2012). Furthermore, the
current study involved administration of glucocorticoids that were previously reported
to enhance viral replication and accelerate mortality in PVM-infected mice due to the
added immunosupression (Domachowske et al., 2001). However, RSV infection of
mice does not lead to any measurable degree of morbidity, induces a mild
mononuclear cell infiltration to the lung instead of a profuse granulocytic bronchiolitis,
and never progresses to acute respiratory distress syndrome (ARDS) (Anh et al., 2006).
For these reasons, we selected RSV A2 strain to pursue the current study.”

Isn't this a good reason to consider the use Text was added as follows “Although PVM model mimics some features that clearly 153
of the natural mouse pathogen from the RSV conform to human pathophysiology, others do not (Dyer et al., 2012). For instance,
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family - pneumovirus of mouse (PVM) - as
an alternative?

PVM infection induce little to no overt inflammation in neonatal mice (Bonville et al.,
2007). Likewise, a distinct pattern of infection cannot be established in aged mice
(Bonville et al., 2010). Another drawback of PYM model include the high genetic
distance between PVM and hRSV ranging from 10 to 60%, and lack of direct cross-
reactivity (Krempl et al., 2005; Dyer et al., 2012).

In addition to the above-mentioned limitations, minimal virus inoculum results in
robust virus replication in situ progressing to marked morbidity (hunching, fur ruffling),
weight loss, and mortality in PVM-infected mice (Domachowske et al., 2000a;
Domachowske et al., 2000b; Anh et al., 2006; Dyer et al., 2012). Furthermore, the
current study involved administration of glucocorticoids that were previously reported
to enhance viral replication and accelerate mortality in PVM-infected mice due to the
added immunosupression (Domachowske et al., 2001). However, RSV infection of
mice does not lead to any measurable degree of morbidity, induces a mild
mononuclear cell infiltration to the lung instead of a profuse granulocytic bronchiolitis,
and never progresses to acute respiratory distress syndrome (ARDS) (Anh et al., 2006).
For these reasons, we selected RSV A2 strain to pursue the current study.”

References? Accepted The following citations were added “(Han et al., 2018; van Erp et al., 2019)". 135
Specific aims of the chapter are not clear, Accepted Section 5.2 was amended as follows: 136-137
they need to be explicitly stated.
¢ You have not examined role of TLR3 ¢ “TLR3-dependent” was deleted.
in these studies
e By comparing RSV and PIC responses, e The following sentence was added as follows “Moreover, by comparing RSV and poly
may also determine extent to which I:C responses, might also determine the extent to which other sensing PRRs might be
other sensing PRRs might be involved. This may in part help to determine if it is the replication of live virus which
involved causes lung inflammation and GC insensitivity or if it is merely the signalling caused
by recognition of the virus.”
Delete 8 Accepted “8” was deleted 138
on to one Accepted on —> one 144
e This data in Fig 5.6C is difficult to Edited/ e The description of the data was amended as follows “As demonstrated in Figure 5.6 147
interpret. Accepted C, treatment with either dexamethasone or PF670462 alone directly reduced cell

In Fig 5.6C, you indicate that there is no
sig. difference between RSV and RSV +
Dex group. Therefore, one interpretation is
that Dex does not significantly attenuate

recruitment following RSV infection, as did the combination which was associated
with BAL cell count decreasing to baseline levels. However, treatment of RSV-

infected mice with GW788388 alone had no remarkable change in BAL cells counts.
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RSV induced increase in total cells. The profound reduction achieved by dexamethasone alone was maintained in
However, statistical comparisons between dexamethasone plus GW788388-treated mice.”

mock and RSV + Dex group are not
shown. If there is no significant difference
between mock and RSV + Dex group,
then it would appear that Dex reduces cell
numbers back to baseline levels. On the
other hand, if cell numbers in RSV + Dex
group are elevated compared with mock,
then it is fair to say that Dex does not
significantly attenuate RSV induced
increase in cell number.

It is important that you include statistical e Figure 5.6 was amended to display the suggested comparisons.
comparisons between mock and RSV +
Dex so that data can be interpreted. This
also applies to other drug groups, i.e. need
to include statistical comparisons between
mock and all RSV infected/drug treated
mice.

148

e You have neglected to discuss the data in | Accepted ¢ The following sentence was added “However, treatment of RSV-infected mice with 147
relation to effects of GW on BAL cells GW?788388 alone had no remarkable change in BAL cells counts. The profound

reduction achieved by dexamethasone alone was maintained in dexamethasone plus

GW788388-treated mice.”

e Statistical comparisons between RSV e Figure 5.6 C was amended to display the suggested comparisons. 148
infected and RSV + GW/GW+ Dex groups
are not indicated in Fig 5.6C

For consistency, please annotate statistical Accepted Figure 5.6 A and B was amended to display the suggested comparisons. 148
comparisons between groups in Fig 5.6 A, B
(as has been done in C)

Please be consistent in how statistical Accepted Figure 5.6 was amended to display the suggested comparisons. 148
differences are annotated.

In A, I assume * means sig increase versus
mock virus + vehicle?

In B (total protein), | assume * means sig
increase versus mock virus + vehicle?
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In B right or C (as per text), statistical
comparison between selected groups is
shown, however statistical differences
between mock, RSV + GW, PF, Dex,
Dex/GW and Dex/PF is not shown.
Statistical comparison between RSV and
RSV + GW is also not shown

In the text, you refer to B (right) as C Accepted Figure ligand was amended as follows “Bronchoalveolar lavage was collected for 148
subsequent analysis to determine total proteins (B) and total cell number (C).”
e In the text, it is stated that the number of Edited e The text was amended as follows “RSV infection markedly increased the recruitment | 147
monocytes is increased in response to RSV of neutrophils and lymphocytes as evident by increased cell counts. However,
infection. In Fig 5.7 statistical comparison monocytes number in BAL following RSV infection was not changed.”
between mock and RSV infected groups
are not indicated, but there does not
appear to be a significant increase in
monocyte numbers following RSV
infection. ¢ The following paragraph was deleted “Treatment with either Dexamethasone or
¢ Does RSV infection significantly increase PF670462 alone directly suppressed monocytes recruitment following RSV infection,
monocyte numbers? Please clarify. as did the combination. However, treatment of RSV-infected mice with GW788388
If RSV infection does not lead to alone had no remarkable change in monocytes counts. The profound reduction
significant increases in monocyte achieved by dexamethasone alone was maintained in dexamethasone plus
numbers, then it is difficult to interpret the GW?788388-treated mice.”
impact of drug treatment (in the absence
of drug only controls). 149
e Please include statistical comparison e Figure 5.7 was amended to display the suggested statistical comparisons.
between mock and RSV, RSV+drug treated
groups.
Please also include statistical comparison
between RSV and RSV+GW,
RSV+GW+Dex groups.
Statistical comparisons are not shown in Accepted Figure 5.7 was amended to display the suggested comparisons. 149

Figure 5.7. As per Fig 5.6, please include
statistical comparisons for mock vs RSV, all
RSV + drug groups and RSV vs all RSV +
drug groups.
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I would suggest removing quantification of | Accepted In Figure 5.7, the graph demonstrating BAL other cells count was deleted. 149
"other" cells. As the identity of the cells is
not known, and there is no sig. effect of RSV
infection, this does not add much.
Please show statistical comparisons between | Accepted Figure 5.9 was amended to display the suggested comparisons. 152
mock control and all treatment groups and
indicate whether these are significant or not
Please show statistical comparisons between | Accepted Figure 5.10 was amended to display the suggested comparisons. 153
mock control and all treatment groups and
indicate whether these are statistically
significant or not
From data presented in Fig 5.11, it appears | Edited The text was edited as follows “In line with the previously observed changes in 154
that RSV leads to significant increase in IL-6 inflammatory cell infiltrates, gene expression analysis showed that RSV inoculation
in tissue but not cells - please clarify. significantly elevated the expression of pro-inflammatory cytokines, such as TNF-o as
measured in BAL cells and lung tissue, while IL-6 increased in lung tissue only.”
RSV does not induce sig. increase in IL-6 Edited The text was amended as follows “Dexamethasone blunted RSV-triggered expression of | 154
expression in cells, thus not possible to TNF-a in BAL cells, whereas it only reduced the expression of IL-6 but not TNF-a in
assess effects of drug treatments? lung tissue. Co-administration with PF670462, not GW788388 synergistically decrease
TNF-a in lungs of RSV-infected mice. While treatment with PF670462 alone shows
remarkable anti-inflammatory effect evident in dampened TNF-a expression in BAL
cells but not in lung tissue, GW788388 alone did not show similar potential either in
BAL cells or lung tissue (Figure 5.11).”
Please show statistical comparisons between | Accepted Figure 5.12 was amended to display the suggested comparisons. 156
PIC and all drug treated groups (not just
selected groups)
Please indicate if there is a statistically Accepted e Figure 5.13 was amended to display the suggested comparisons. 158
significant increase in the expression of each e Text was amended as follows “As shown in Figure 5.13, gene expression analysis by | 157
of these genes in RSV vs mock infected mice real-time RT-PCR has shown that while the expression of IFNa remained unchanged
in text and figure. in lung tissue following RSV infection, the mRNA expression of IFN@, IFNy, IFNA2
and IFNA3 increased, albeit non-significantly, compared to animals receiving Mock-
conditioned media.”
Relative to RSV infected mice, treatment Edited The following paragraph was deleted “Intriguingly, treatment with PF670462 markedly | 158

with PF compound enhances lamda 2 and
lamda 3 only. Cannot make comparison
with mock control

enhanced the levels of IFNA2 and IFNA3 in lung tissue of RSV-infected mice.
Conversely, GW788388 did not affect interferon expression triggered by RSV infection
in mice. Enhancement of interferon production by PF670462 may be expected to limit
the duration of RSV infection by enhancing anti-viral activity in the airway.”
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Please show statistical comparisons between | Accepted Figure 5.13 was amended to display the suggested comparisons. 158
mock control and all treatment groups and
RSV vs all RSV+drug groups.
e From data presented in figures, IFN-beta Edited Text was amended as follows “As demonstrated in Figure 5.14 and Figure 5.15, 157-158
appears to be sig. increased in cells but intranasal instillation of the double-stranded RNA analogue poly I:C in normal BALB/c
not tissue? mice induced interferons expression, including IFNp in BAL cells and IFNA2 in lung
e From data presented in figures, lamda 2 tissue. Treatment with dexamethasone did not affect the upregulation of IFNB or IFNA2
appears to be sig. increased in tissue but expression in mice receiving poly I:C compared with animals receiving saline.
not in cells. Interestingly, PF670462 administration markedly augmented poly I:C mediated
e Please revise this sentence to clarify upregulation of INF-B expression in BAL cells, whereas it had no detectable effects on
impact of Dex treatment on PIC induced other INFs expression.”
IFN production.
e This appears true for BAL cell but not lung
tissue expression, please check.
Please show statistical comparisons between | Accepted Figure 5.14 was amended to display the suggested comparisons. 160
saline and PIC treated groups & PIC vs PIC +
drug treated groups
Please show statistical comparisons between | Accepted Figure 5.15 was amended to display the suggested comparisons. 161
saline and all treatment groups and PIC vs
PIC + drug groups
This is not an adequate scientific description | Edited Text was amended as follows “As shown in Figure 5.16, RSV infection markedly 159
of the data in the figures. promoted the expression of TBX21 and CTLA4 as compared to mock-infected mice,
while FOXP3 expression increased, albeit non-significantly. Treatment of RSV-infected
mice with dexamethasone alone had no detectable effect on TBX21 and CTLA4
expression as did dexamethasone coformulated with GW788388. Likewise,
dexamethasone coformuled with PF670462 did not show any significant effect on
CTLA4 and FOXP3 expression in RSV-infected mice, however it attenuated RSV-
mediated upregulation of TBX21. Intriguely, GW788388 alone, but not PF670462, had
upregulated the expression of FOXP3 and CLTA4 as compared to RSV-infected mice.”
RSV and dsRNA both engage multiple Accepted Added this concern as study limitation in section 5.6 168

receptor pathways - thus you cannot make
any conclusions re role of TLR3 unless you
use TLR3 KO mice or inhibit TLR3
expression in some way.
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Can you provide some insight re the Accepted The following sentence was added “The dissimilarity in findings may be attributed to 163

difference in findings? Mice were exposed to the difference in the exposure period, where mice were exposed to RSV for 5 days

RSV for 5 days and poly IC for 24 h - could while poly I:C treated mice were exposed to the stimulus for only 24 h.”

difference in exposure period be a reason?

where is this data? Edited “systemic inflammatory response to RSV infection” was edited as “inflammatory 164
response to RSV infection in the lung”.

monocytes were not increased? Accepted “monocytes” was deleted. 165

Cannot draw any conclusions re TLR3 Edited The sentence was edited as follows “These data suggested that dsRNA/TLR3 interaction | 169

signalling in poly IC vs RSV models as poly through TLR3 ligand exposure may at least partially recapitulate the pathophysiological

IC and RSV engage other receptor pathways effects of RSV infection in BALB/c mice.” and the concern was added to the limitation

in addition to TLR3. of the study discussed in section 5.6

Another introduction is not needed. Accepted Section 6.1 Introduction was moved to Section 6.1.1 171

You have not shown any effect on PLZF?? Accepted “and the transcriptional repressor PLZF” was deleted. 172

This data is not included in the thesis Accepted “we” changed to “our group” 173

No information about this Accepted The sentence was edited as follows “Using hypothesis-free approaches, including 174

proteomics and transcriptomics, our group have provided the first evidence that
CK1:/is implicated in TGF-1 signalling pathway suggesting a promising target for
management of inflammatory pulmonary diseases with TGF- 1 involvement (Li et al.,

2019).”
This has been done to some extent in the Edited The sentence was edited as follows “Our group had established that our findings in 175
study by Xia et al.? RSV-mediated GC insensitivity were paralleled by similar observations when the air-

liquid interface culture of HBECs was subjected to RSV infection (Xia et al., 2017)”
These references are abstracts Accepted References were deleted and replaced with “Xia, Y.C., Radwan, A., Keenan, C.R., 225
Unclear why the paper published in PloS Langenbach, S.Y., Li, M., Radojicic, D., Londrigan, S.L., Gualano, R.C., and Stewart,
Pathogens 2017 is not referenced A.G. (2017). Glucocorticoid Insensitivity in Virally Infected Airway Epithelial Cells Is

Dependent on Transforming Growth Factor-f Activity. PLOS Pathogens 13,

e1006138.".

S47




