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Abstract

Human rhinoviral (RV) infection is a major trigger of exacerbations of airway diseases such
as asthma and COPD. Whilst many studies have shown that RV-infected airway epithelial
cells secrete many proinflammatory cytokines that may exacerbate airway inflammation,
limited studies have sought to investigate the potential role of airway fibroblasts in mediating
RV-induced inflammation in airway diseases. Furthermore, the signalling pathways involved
in the regulation of cytokine responses of structural airway cells to RV infection remain
unclear, particularly with regard to signalling via PI3K, and the PI13K-dependent pathway,

autophagy.

The first aim of this thesis was to investigate the innate immune responses of human airway
fibroblasts to RV infection, and to compare those responses with those of airway epithelial
cells. 1t was found that RV infection induced differential responses in normal human airway
fibroblasts and epithelial cells. In comparison to airway epithelial cells, the lack of viral-
detecting PRRs TLR3, RIG-1, MDA5 and virally-induced transcription factors IRF1 and
IRF7 in fibroblasts may be a potential explanation as to why the fibroblasts do not secrete the
IFN-stimulated cytokines CCL5 and CXCL10 (indicating that the RV-infected fibroblasts do
not produce IFNSs), therefore providing no antiviral response to limit viral replication, with
concomitant cell death. The work presented here demonstrated the permissiveness of lung
fibroblasts isolated from idiopathic pulmonary fibrosis (IPF) patients to RV infection. This
study also showed the ability of IL-1B to enhance proinflammatory responses of RV-infected
epithelial cells. Furthermore, it was demonstrated that in the presence of monocytes, RV and
bacterial-derived LPS coinfections could act in synergy to augment the proinflammatory

responses of airway tissue cells.

The second aim of this thesis was to determine whether the PI3K-dependent pathway
autophagy is involved in the detection of RV infection, and therefore regulates the RV-
induced responses of airway epithelial cells. It was found that the PI3K pharmacological
inhibitor 3-MA, typically used to inhibit autophagy, suppressed RV-induced cytokine
production in airway epithelial cells. In contrast to the actions of 3-MA, specific targeting of
the autophagy proteins Becl, LC3, Atg7, or the autophagy-specific class 111 PI3K Vps34 by
SIRNA had very modest effects on RV-induced cytokine responses. Knockdown of
autophagy proteins by siRNA also had minimal effects on RV replication. However, it was

found that RV infection induced autophagy in the airway epithelial cells, although additional
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work is required to confirm this finding. Subsequent experiments performed using a panel of
broad and class I-selective PI3K small-molecule inhibitors demonstrated functional
redundancy of class | PI3K isoforms in modulating the RV-induced inflammation. The PI3K
inhibitors 3-MA and LY294002 also remarkably reduced viral replication, suggesting that
PI3Ks exert their roles in controlling RV infection via multiple mechanisms. Moreover,
preliminary data suggests a potential role for mTOR in regulating the proinflammatory

responses to RV infection.

In conclusion, the work outlined in this thesis demonstrates two major findings: (i) a potential
role for lung fibroblasts in mediating airway inflammation following RV infection and (ii) the
involvement of PI3Ks and mTOR in induction of proinflammatory cytokines in response to
RV infection, and that autophagy plays a limited role in the cytokine response to RV
infection or control of RV replication.
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Chapter 1: Introduction

1.1. Chronic inflammatory diseases of the lung

Chronic inflammatory airway diseases are diseases of the lung that are characterised by
chronic airway inflammation and increased airway hyperresponsiveness, and include asthma,
chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF).
Asthma and COPD are both very common worldwide; by which according to the Global
Burden of Disease (GBD) study, a collaborative project between several organisations
including the World Health Organisation (WHO), it was estimated that currently 235 million
people suffer from asthma and 64 million people have COPD (reviewed in Royce et al.,
2014).

1.1.1. Chronic Obstructive Pulmonary Disease (COPD)

Chronic obstructive pulmonary disease (COPD) is a major and growing global health
problem, resulting in an increasing burden on healthcare expenditure in industrialised and
developing countries (reviewed in Heffner, 2011, Mannino and Buist, 2007). The GBD study
conducted by the WHO predicted that by 2020, COPD will be the third most common cause
of death in the world (Lopez and Murray, 1998). A relatively recent worldwide
epidemiological study reported that COPD is already the fourth most common cause of death
in the world, and in the USA, it is the only common cause of death that has increased over the
last 40 years (Lopez et al., 2006).

COPD is an inflammatory airway disease characterised by chronic development of airflow
limitation, and in contrast to asthma, this condition is not easily reversed. It is predominantly
caused by years of cigarette smoking, particularly in developed countries. Meanwhile, in
developing countries, there are other common causes of COPD such as indoor air pollution
from burning fuels and occupational exposure to hazardous gases (reviewed in Barnes,
2004b, Pauwels et al., 2001). COPD comprises two different conditions of the lung, chronic
bronchitis and emphysema (reviewed in MacNee, 2005, Barnes, 2008). Chronic bronchitis is
characterised by inflammation, mucus hypersecretion and fibrosis of the bronchioles.
Emphysema is the destruction of alveolar walls, which consequently limits the transfer of
oxygen into the bloodstream (Hogg, 2008, reviewed in Barnes, 2004b, Lane et al., 2010).
Figure 1.1 portrays the mechanisms of airflow limitation in COPD.
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Airway held open by
alveolar attachments

NORMAL

COPD

Airway obstructed by:

I_*

1. Disrupted alveoli
(emphysema)

2. Mucosal
inflammation and
fibrosis (chronic
bronchitis)

3. Mucus
hypersecretion

Figure 1.1 Mechanisms of airflow limitation in chronic obstructive pulmonary

disease.

In normal individuals, the airway is held open by alveolar attachments. In COPD patients, the
alveoli are destroyed (emphysema). Peripheral airways are also blocked and deformed by mucosal
inflammation and fibrosis (chronic bronchitis) as well as mucus hypersecretion.

[Adapted from (Barnes, 2004b)]
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Existing therapies used for reducing the symptoms of COPD, such as inhaled corticosteroids
(ICSs), are found to be effective in reducing the rate of exacerbations; however, ICSs do not
reduce the long-term chronic decline of lung function in COPD patients (Burge et al., 2000,
Pauwels et al., 1999, Vestbo et al., 1999). Bronchodilators, another commonly used drug
therapy, relieve breathlessness and may reduce exacerbation rate (particularly with long-
acting anticholinergics), though they may be associated with an increased risk of
cardiovascular problems (Salpeter et al., 2004). Since there are no effective treatments
currently available to treat chronic progression of COPD, there has been a renewed interest in
understanding the cellular and molecular mechanisms of COPD; where a combination of
different approaches, including in vitro modelling of human tissues, together with the use of

animal models is needed (Sabroe et al., 2007a).
1.1.2. Asthma

Similar to COPD, asthma is another respiratory disease that poses a major and growing
healthcare and economic burden worldwide. According to the WHO, asthma is the most
common chronic disease of children (reviewed in Royce et al., 2014, Lambrecht and
Hammad, 2013). Asthma is a chronic inflammatory airway disorder characterised by airflow
obstruction and bronchial hyperresponsiveness that leads to recurrent episodes of coughing,
wheezing, breathlessness and chest tightness (reviewed in Holt, 2012, Barnes, 2008). Risk
factors for the development of asthma include both genetic and environmental factors,
including genes pre-disposing individuals to allergy and airway hyperresponsiveness (atopy),
allergens, viral infections and occupational sensitisers (reviewed in Bateman et al., 2008,
Barnes, 2008). The strongest risk factor linked to the development of asthma is a family
history of atopic asthma, by which increased levels of allergen-specific immunoglobulin E
(IgE) antibodies are commonly detected in the affected individuals (reviewed in Holt and Sly,
2012, Bateman et al., 2008). More recently, studies have shown that children who have lower
respiratory viral infections such as rhinovirus (RV) infection during the first 3 years of life
are at a higher risk for the development of childhood asthma (Jackson et al., 2012, Jackson et
al., 2008).

To date, there is no cure for asthma which is believed to be due to the complexity of the
underlying pathological mechanisms of asthma. Similar to what is used to alleviate the
symptoms of COPD (Section 1.1.1), ICSs are commonly used to effectively reduce the
symptoms of asthma (reviewed in Holt and Sly, 2012, Bateman et al., 2008). Long-acting
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inhaled B2-agonists such as formoterol and salmeterol are also used to control asthma
exacerbations, although they are more effective when used in combination with ICSs (Gibson
et al., 2007, Lazarus et al., 2001, reviewed in Bateman et al., 2008).

Whilst asthma and COPD have some common clinical and pathological features, this thesis

will focus on the immunopathology of COPD.

1.2. Innate immunity and inflammation in COPD

Chronic inflammation of the lower respiratory tract in COPD is mediated by the affected
structural tissue cells as well as the recruited immune cells, all of which have the capacity to
release multiple inflammatory proteins including proinflammatory cytokines, chemokines

and proteases (reviewed in Barnes, 2004b, Lane et al., 2010).

Although the adaptive immune response also contributes to chronic inflammation in COPD,
the sections below focus on inflammation caused by the innate immune response, which is
the first line of immune defence against any foreign agent, as innate immunity is the focus of
this thesis.

1.2.1. Structural tissue cells involved in COPD

1.2.1.1.  Airway epithelial cells

Airway epithelial cells are important tissue cells involved in the development of COPD as
they are able to secrete various mediators of COPD including proinflammatory cytokines and
reactive oxygen species (ROS) (Discussed in Section 1.2.3) (Rusznak et al., 2000, Rahman
and MacNee, 1996, Schulz et al., 2004). Epithelial cells are activated by cigarette smoke
components to release inflammatory cytokines such as tumour necrosis factor (TNF)-alpha
(TNF-a), interleukin-1 beta (IL-1B) and CXC-chemokine ligand (CXCL) 8 (Discussed in
Section 1.2.4) (Mio et al., 1997, Floreani et al., 2003, Hellermann et al., 2002). In COPD,
along with immune cells, airway epithelial cells contribute to the occurrence of local fibrosis
(excessive fibroblast proliferation) in the small airways by producing transforming growth
factor (TGF)-B and fibroblast growth factors (FGFs) (Takizawa et al., 2001, Kranenburg et
al., 2002).
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1.2.1.2.  Fibroblasts

Lung fibroblasts have been documented to play central roles in the fibrotic component of
COPD, where their excessive proliferation results in fibrosis in the small airways (reviewed
in Araya and Nishimura, 2010). An essential role of fibroblasts is to mediate tissue repair and
modulation via production of extracellular matrix (ECM) proteins, which is partly stimulated
by TGF-B (reviewed in Dunsmore and Rannels, 1996). However, in patients with COPD, the
production of ECM proteoglycans such as decorin and versican are altered, which may partly
contribute to disease development (Noordhoek et al., 2005, Hallgren et al., 2010).

Apart from producing ECM, fibroblasts have been proposed to participate in the
inflammatory response through secretion of several cytokines and direct interaction with
inflammatory cells; although very little is known about the exact mechanisms of fibroblast-
triggered inflammation (reviewed in Buckley et al., 2001).

1.2.2. Innate immune cells involved in COPD

Clinical studies have shown that there are increased numbers of CD8" (cytotoxic)
lymphocytes, neutrophils and macrophages in bronchial biopsies, small airways, and lung
parenchyma from COPD patients (Hogg et al., 2004, Jeffery, 2001).

1.2.2.1. Macrophages and monocytes

In response to chemoattractants such as CC-chemokine ligand (CCL) 2 released by cigarette
smoke-activated alveolar macrophages, circulating monocytes migrate to the lung and
differentiate to macrophages (Traves et al., 2004, reviewed in Barnes, 2009). Alveolar
macrophages contribute to the orchestration of inflammation in COPD by releasing
chemokines that attract additional innate immune cells such as neutrophils, and also T cells
which participate in adaptive immunity (reviewed in Barnes, 2004a). Macrophages have also
been shown to contribute to emphysema occurrence via secretion of macrophage elastase
MMP12 (Hautamaki et al., 1997, reviewed in Shapiro, 1999).

1.2.2.2.  Neutrophils

Neutrophils have been found to be increased in the sputum, bronchoalveolar lavage fluid
(BALF) and airway smooth muscle of patients with COPD, believed to be consequent upon

increased levels of chemoattractants such as CXCL1 and CXCL8 (Discussed in Section
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1.2.4) (Keatings et al., 1996, Baraldo et al., 2004). Indeed, higher neutrophil numbers in
bronchial biopsies correlates with more severe airway inflammation and increased decline in
lung function, further supporting the evidence that neutrophils may play an important role in
the pathogenesis of COPD (Stanescu et al., 1996).

Apart from their capability to attract other immune cells through their secreted cytokines,
neutrophils are able to secrete a number of proteases such as matrix metalloproteinase
(MMP9) and neutrophil elastase, as well as ROS (Discussed in the next section) (Takeyama
et al., 2000, reviewed in Barnes, 2009, Lane et al., 2010).

1.2.3. Mediators of COPD

Development of COPD is often reported to be mediated by orchestrated activity of reactive
oxygen species (ROS), proteases and cytokines, all of which are secreted by leukocytes as
well as structural tissue cells (reviewed in Barnes, 2004b, MacNee, 2005).

1.2.3.1. Reactive Oxygen Species (ROS)

ROS, such as superoxide anion and the hydroxyl radical, are unstable molecules with
unpaired electrons. Excessive production of ROS may cause oxidative stress (reviewed in
MacNee, 2001). This oxidative stress is a vital condition in COPD, as intensified oxidative
stress leads to oxidation of DNA, lipids and proteins, consequently causing lung injury
(reviewed in Henricks and Nijkamp, 2001, MacNee, 2001, Gutteridge and Halliwell, 2000).
In COPD, ROS are produced by cigarette smoke-activated immune cells and structural cells,
such as alveolar macrophages and epithelial cells, respectively (reviewed in MacNee, 2001,
Rahman and MacNee, 1996).

1.2.3.2. Proteases

In COPD, proteases, especially neutrophil elastase (a serine protease) play crucial roles in
causing emphysema wherein they cause elastin degradation in the alveolar walls (Majo et al.,
2001, Gottlieb et al., 1996). Together with MMP9, neutrophil elastase produced by
leukocytes such as neutrophils, T-lymphocytes and macrophages may also trigger mucus
hypersecretion in COPD (Ohnishi et al., 1998, reviewed in Barnes, 2009). Apart from

neutrophil elastase, neutrophils may also secrete two other serine proteases, called cathepsin
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G and proteinase 3, which are both capable of inducing mucus secretion (Rao et al., 1993,
Witko-Sarsat et al., 1999, Sommerhoff et al., 1990).

1.2.3.3.  Cytokines

To date, over 50 cytokines have been recognised to be involved in the pathophysiology of
COPD (reviewed in Barnes, 2004b). Not only are cytokines responsible for inflammation
caused by the innate immune cells infiltration, they also play a crucial role in regulating the
induction of adaptive immunity. The major cytokines involved in COPD are discussed in
detail in the next section below.

1.2.4. Proinflammatory cytokines and chemokines involved in COPD

Proinflammatory cytokines play a vital role in inducing inflammation. Recognition of
cytokines by their specific receptors present on the target cells leads to acute leukocyte
influx, which consequently amplifies the secretion of additional cytokines by the recruited

immune cells.

Chemokines (chemoattractant cytokines) are a family of cytokines that cause the movement
of particularly targeted cells via directed chemotaxis. In COPD, chemokines are responsible

for recruiting inflammatory cells from the circulation into the lung.

Three proinflammatory cytokines that are known to have a major role in COPD are discussed

below.
1.2.4.1. Interleukin-1 beta (IL-18)

IL-1B has been heavily implicated in the pathology of COPD (reviewed in Barnes, 2004b,
Sabroe et al., 2007b, Curtis et al., 2007). Sapey and co-workers found that IL-1p levels were
higher in the sputum samples taken from COPD patients compared with healthy individuals,
although it was not statistically different. Furthermore, they revealed that patients with COPD
had significantly reduced levels of IL-1B antagonists, namely IL-1 receptor antagonist (IL-
1RA) and IL-1 soluble receptor 2 (IL-1sRIl) (Sapey et al., 2009). In addition, following
stimulation with cigarette smoke, cultured bronchial epithelial cells obtained from patients
with COPD secrete higher amounts of IL-1 compared with epithelial cells from normal
controls (Rusznak et al., 2000). IL-1p is also released by monocytes (Morris et al., 2005,
Morris et al., 2006).
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IL-1p has been shown to significantly increase the secretion of CXCL8 from alveolar
macrophages taken from patients with COPD (Culpitt et al., 2003). IL-1p also triggers the
recruitment of circulating monocytes and neutrophils (Rider et al., 2011). Using IL-1p-
overexpressed transgenic mice, Lappalainen and colleagues showed that IL-1B plays a

function in inducing emphysema and airway fibrosis (Lappalainen et al., 2005).

A humanised IL-1p blocking antibody, canakinumab is currently being clinically tested for
the treatment of several inflammatory diseases, including COPD (reviewed in Dhimolea,
2010, Church and McDermott, 2009).

1.2.4.2. CXC-chemokine ligand 8 (CXCLZS8)

CXCLS, previously known as interleukin-8 (IL-8), was the first chemokine to be identified in
COPD (Keatings et al., 1996). CXCLS8 is a potent chemoattractant for neutrophils, and this
therefore partly explains its ability to drive inflammation in COPD (reviewed in Barnes,
2004b).

Keatings and colleagues showed that the concentration of CXCL8 was increased in induced
sputum of COPD patients compared with smokers with normal lung function and non-
smokers, which was associated with neutrophil infiltration in patients with COPD (Keatings
et al., 1996). This is consistent with a more recent finding by Culpitt and colleagues where
they found that alveolar macrophages from patients with COPD secrete almost five-fold
greater concentration of CXCL8 compared with the macrophages from normal cigarette
smokers (Culpitt et al., 2003).

1.2.4.3. Interleukin-6 (IL-6)

Similar to the previously mentioned cytokines, interleukin-6 (IL-6) levels have also been
found to be higher in induced sputum, BALF and exhaled breath condensate of patients with
COPD compared with the healthy controls, especially during exacerbations (Bhowmik et al.,
2000, Bucchioni et al., 2003, Song et al., 2001). Furthermore, Aldonyte and co-workers
reported that monocytes from COPD patients which are stimulated with lipopolysaccharide
(LPS) release more IL-6 in comparison with the LPS-stimulated monocytes from normal
individuals, thus implying the important role of IL-6 in magnifying inflammation in COPD
(Aldonyte et al., 2003).
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Despite a wealth of evidence showing the high levels of IL-6 in COPD patients, the exact

mechanisms of how IL-6 contributes to inflammation in COPD remains unclear.
1.2.5. Summary: Inflammatory mechanisms in COPD

Figure 1.2 illustrates the inflammatory mechanisms generated by several immune cells and

structural tissue cells known to be important in the pathogenesis of COPD.

Although we now have a reasonably solid knowledge of various cytokines that are increased
in patients with COPD, our understanding of how these cytokines work together to cause the
immunopathology in COPD is very poor. It is important to note that many cytokines are
redundant in their functions, thus studies using in vivo models such as murine models of
COPD could be misleading. The fact that there are differences in lung structure and immune
responses between mice and humans also makes interpretation of the findings obtained from
these in vivo murine studies difficult (Sabroe et al., 2007a). Therefore, our current efforts of
investigating the interactions of various cytokines produced by the immune cells as well as
the structural tissue cells in vitro are crucial to enable a better understanding of the complex
cytokine networking in COPD.
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Figure 1.2 Inflammatory mechanisms in chronic obstructive pulmonary disease.
Inhaled cigarette smoke or other irritants trigger airway epithelial cells and alveolar macrophages
to secrete several cytokines, leading to recruitment of other immune cells to the lungs. Released
CC-chemokine ligand (CCL) 2 by macrophages attracts monocytes via its binding to CC-
chemokine receptor (CCR) 2, consequently leading to monocyte differentiation into macrophages
within the lungs. Secreted CXC-chemokine ligand (CXCL) 1 and CXCLS8, which act on CXC-
chemokine receptor (CXCR) 2 attract neutrophils and monocytes. CXCL9, CXCL10 and CXCL11
released by epithelial cells and macrophages bind to CXCR3 present on T helper (Th) 1 cells and
type 1 cytotoxic (Tcl) cells. Neutrophils and macrophages are able to release proteases such as
neutrophil elastase (which causes elastin degradation, leading to emphysema) and matrix
metalloproteinase (MMP) 9 (which causes mucus hypersecretion). Emphysema occurrence is also
mediated by perforin and granzyme secreted by activated Tcl cells. Epithelial cells and
macrophages also produce tumour necrosis factor-a (TNF-a), interleukin-1 beta (IL-1$) and IL-6,
which further intensify inflammation in the lung airways. Fibrosis (narrowing of the small
airways) occurs as a result of excessive fibroblast proliferation, which is stimulated by
transforming growth factor beta (TGF-B) and fibroblast growth factors (FGFs) secreted by airway
epithelial cells.

[Information gathered from (Barnes, 2009, Lane et al., 2010)]
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1.3.  The role of Rhinoviruses (RVs) in COPD exacerbations

COPD exacerbations can be triggered by multiple factors such as common pollutants,
allergens and bacteria, however, respiratory viruses are the most common cause of COPD
exacerbations (reviewed in Barnes, 2008, Papi et al., 2007). These respiratory viruses include
RV, coronavirus, influenza A and B, parainfluenza, adenovirus and respiratory syncytial
virus (RSV) (reviewed in Wedzicha, 2004). Among these viruses, RVs have been found to be
the predominant cause of virus-induced COPD exacerbations (Seemungal et al., 2001, Rohde
et al., 2003).

1.3.1. RV serotypes and cellular entry

RVs are the major cause of the common cold. They are members of the virus family
Picornaviridae (Hughes, 2004). Like all other picornaviruses, RVs are small (about 30nm in
diameter), non-enveloped, positive-sense single-stranded RNA (ssRNA) viruses (Arnold and
Rossmann, 1990, Kim et al., 1989). Except for RV-14, which has a genome length of 7212
bases, most RVs have a genome of 7102-7152 bases in length (Stanway et al., 1984, Lee et
al., 1995). At the 5' end of the genome is a virus-encoded protein, and there is a poly-A tail at
the 3’ end of the genome (Stanway et al., 1984, Lee et al., 1995).

To date, 148 RV serotypes have been discovered (Harvala et al., 2012, Arden et al., 2010).
There are two ways by which these serotypes can be classified: The first, which is the
traditional method, is based upon the host-cell receptor used for viral entry; and the second
method is based upon the sequence homology. According to the receptor usage method, RV
serotypes are categorised into two groups; major and minor. Major group RVs (88 serotypes)
infect cells via intercellular adhesion molecule 1 (ICAM-1) whereas minor group RVs (12
serotypes) utilise low-density lipoprotein receptor (LDLR) for cellular entry (Greve et al.,
1989, Staunton et al., 1989, Hofer et al., 1994, Gruenberger et al., 1995). Meanwhile, using
the genetic analysis method, RV serotypes are divided into three phylogenetic groups; RV-A
(74 serotypes), RV-B (25 serotypes) and a newly identified RV-C (> 50 serotypes) (reviewed
in Palmenberg et al., 2009). Over 90% of the known RV-A and RV-B serotypes bind to
ICAM-1 to enter host cells, 12 serotypes of RV-A utilise LDLR, whilst the receptor that is
used for internalisation by the new group RV-C remains unknown (Arden et al., 2010,

reviewed in Bochkov et al., 2011).
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1.3.2. Life cycle of RVs

Attachment of RV to the receptor present on the host cell elicits conformational changes in
the virus capsid, eventually leading to the release of the RV ssRNA genome into the
cytoplasm (Casasnovas and Springer, 1994, Schober et al., 1998, Prchla et al., 1994). In the
cytoplasm the viral genomic RNA is translated by host ribosomes to produce viral proteins
necessary for viral replication (reviewed in Andino et al., 1999, Jackson and Kaminski,
1995). The same genomic RNA is then amplified in a two step process: first, the positive-
sense genomic RNA is reverse transcribed by the viral RNA-dependent RNA polymerase,
hence generating a complementary negative-sense RNA; by which replication intermediate
double-stranded RNA (dsRNA) is formed. Second, the negative-sense RNA is subsequently
used as a template to generate many copies of the viral genome, which are then used for the
latter cycles of viral protein synthesis. The new infectious virions are assembled in the
cytoplasm and finally released from the cell (reviewed in Bedard and Semler, 2004, Andino

et al., 1999). Figure 1.3 shows an overview of the RV life cycle.
1.3.3. RV-induced exacerbations of COPD

Many clinical studies report that RVs are the most common virus found in sputum and nasal
lavage of patients with acute exacerbations of COPD (Wark et al., 2013, Perotin et al., 2013,
McManus et al., 2008, Rohde et al., 2003, Greenberg et al., 2000, Seemungal et al., 2001).
Furthermore, Mallia and colleagues have recently shown direct experimental evidence that
RV infection induces the clinical features of acute COPD exacerbations (Mallia et al., 2011).

RVs have been shown to potentiate the production of several inflammatory cytokines in
COPD patients including CXCL8 and IL-6 (Baines et al., 2013, Seemungal et al., 2000,
Wedzicha et al., 2000, Schneider et al., 2010). These increased cytokine levels partly explain
the mechanisms of RV-induced acute airway inflammation during COPD exacerbations.
Figure 1.4 depicts the epithelial and innate immune cell responses to RV infection that may

lead to exacerbations of COPD.

It has been suggested that patients with COPD are more susceptible to RV infections
(Seemungal et al., 2001, Schneider et al., 2010, Mallia et al., 2011). Schneider and co-
workers demonstrated that RV infection of airway epithelial cells from patients with COPD
yields higher viral load as compared to that of normal controls, although the mechanisms

were not determined (Schneider et al., 2010). Meanwhile, a separate study showed that

33



1. Attachment
RV
o

2. Entry &
Uncoating
VPg AN AN MemPrane
vesicle
‘l‘ s AN NN
AN
l 5. (-) strand RNA
synthesis
l 3. Translation
NV Ve Vo N
\N‘W\)
I I NV eV VN
i 4, Protein
processing lG. (+) strand RNA

synthesis

R oo
DDD&%_}W
AANNA
P VAW W Ve
D

&
<

7. Assembly

»

8. Release

Figure 1.3  Overview of the RV life cycle.

RV binds to a specific receptor on the cell surface. The viral RNA is then unpackaged and
delivered into the cytoplasm of the cell. The genome-linked protein VPg is removed from the
viral RNA, which is then translated. The newly formed polyprotein is then cleaved to produce
individual viral proteins. RNA synthesis occurs on membrane vesicles. Genomic (+) strand
RNA is copied by the viral RNA polymerase to form full-length (-) strand RNAs, which are
then copied to produce additional (+) strand RNAs. Early in infection, the newly synthesised
(+) strand RNA is translated to produce additional viral proteins. Later in infection, the (+)
strand RNAs are packaged into virions. Finally, the virions are released from the host cell by
lysis.

[Information gathered from (De Palma et al., 2008, Andino et al., 1999)]
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Figure1.4 Epithelial and innate immune cell responses to rhinovirus (RV)
infection that may lead to COPD exacerbations.

(A) RVs infect epithelial cells either via intercellular adhesion molecule-1 (ICAM-1) or low-
density lipoprotein (LDL) receptor, depending on the RV group. (B) Interaction between RVs
and macrophages stimulates production of proinflammatory cytokines (such as interleukin-1 beta
(IL-1B), CXC-chemokine ligand (CXCL) 8, tumour necrosis factor-o (TNF-a) and CC-
chemokine ligand (CCL) 3) as well as interferons (IFNs) (including IFN-o, IFN-f and IFN-y).
Some of these cytokines such as CXCL8 and TNF-a produced by alveolar macrophages may
cause neutrophil infiltration. (C) RV-infected epithelial cells release cytokines and chemokines
that consequently lead to neutrophilic, eosinophilic and lymphocytic inflammation, as well as
mucus hypersecretion and potentially airway remodelling. (D) RVs potentially pass through
epithelial cell layers and infect neighbouring fibroblasts. [Other abbreviations used in the
schematic diagram: TGF-a, transforming growth factor-a; CXCL, CXC-chemokine ligand]

[Adapted from (Jackson and Johnston, 2010)]
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production of the important antiviral cytokine, interferon (IFN) -p (Discussed in Section 1.7),
was impaired in cells taken from patients with COPD, which may be a crucial mechanism
underlying the increased susceptibility of patients with COPD to RV infection (Mallia et al.,
2011). Another possible reason is that RVs induce up-regulation of their own receptor ICAM-
1 (the receptor for major group of RVs) (Papi and Johnston, 1999). Studies also revealed that
the presence of adenoviral E1A protein in alveolar epithelial cells and bronchial epithelial
cells of patients with emphysema intensifies expression of ICAM-1, thus adding in to the
possible causes of higher susceptibility of COPD patients to RV infections (Higashimoto et
al., 2002, Keicho et al., 1997). Nonetheless, the nature of this susceptibility remains to be

fully determined.

1.4. Viral detection by Pattern-Recognition Receptors (PRRS)

The innate immune system responds to microbial infections and endogenous molecules via a
group of germ-line encoded receptors termed pattern-recognition receptors (PRRs). Members
of this family of receptors specifically detect microbial pathogens, which are called pathogen-
associated molecular patterns (PAMPs) and endogenous molecules released from damaged
cells, termed damage-associated molecular patterns (DAMPs) (reviewed in Sparrer and Gack,
2015, Takeuchi and Akira, 2010). The PRRs responsible for detecting viruses are discussed

below.

Three main PRR families have been described to play a major role in the detection of viral
infections; Toll-like receptors (TLRs), which recognise viral DNA or RNA in intracellular
vesicles of the infected cells, retinoic acid inducible gene-I (RIG-1)-like receptors (RLRs),
which detect viral RNA in the cytoplasm, and uncharacterised DNA sensor molecules, which
detect cytoplasmic viral DNA (reviewed in Chow et al., 2015, Yoneyama and Fujita, 2010).
Apart from the TLR- and RLR-mediated pathways, different other sensing pathways have
been recently identified to recognise viral nucleic acids, including the nucleotide-binding
oligomerisation domain (NOD)-like receptors (NLRs) pathway and the stimulator of IFN
genes (STING) pathway (Summarised in Section 1.6.1 and 1.6.2, respectively).
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1.4.1. Toll-like Receptors (TLRs)

TLRs are a family of single-transmembrane receptors which consist of an extracellular
leucine-rich repeat (LRR) domain, which is responsible for detection of specific PAMPs, a
transmembrane-spanning domain, and a cytoplasmic signal-transduction domain known as
the toll/interleukin-1 receptor (TIR) domain (reviewed in Carty and Bowie, 2010, Yoneyama
and Fujita, 2010). TLRs recognise a range of microbes including bacteria and viruses, leading
to activation of the innate immune system and subsequent orchestration of the adaptive

immune response.

To date, four TLRs have been identified to be responsible for recognition of viral nucleic
acids which are TLR 3, 7, 8 and 9; and unlike the other TLRs (which are present on the
plasma membrane), all these virus-sensing TLRs are mainly located within the endosomal
compartments (reviewed in Kawai and Akira, 2011, Carty and Bowie, 2010). Except for
TLR9 which detects viral DNA, the other three TLRs play an important role in recognising

RNA viruses.

As previously discussed (Section 1.3.1), RV is an RNA virus therefore, this review will only
discuss on TLRs that detect viral RNA (i.e. TLR 3, 7 and 8) (Section 1.4.1.1-2). Of relevance
to the current study, a new role for TLR2 (which commonly detects lipoproteins of bacteria

and fungi) in recognising RV protein capsid will also be briefly discussed in Section 1.4.1.3.
1.4.1.1.  Recognition of viral double-stranded RNA by TLR3

TLR3 senses dsRNA, which is found in the genome of dsRNA viruses, or during the
replication-intermediates of ssSRNA viruses (Alexopoulou et al., 2001, Tabeta et al., 2004).
Like the other TLRs that detect viral nucleic acids, TLR3 is mainly expressed in the
endosomal compartments of cells such as in myeloid dendritic cells (DCs) and macrophages;
however, in fibroblasts and epithelial cells, TLR3 is also observed on the cell surface
(Matsumoto and Seya, 2008).

Of relevance to this project, Wang and co-workers recently demonstrated that in a human
bronchial epithelial cell line (BEAS-2B cells), RV is exclusively detected by TLR3 and
MDADS, but not RIG-1 (see Section 1.4.2 for RLRs). The authors claimed that although RV is
an ssSRNA virus, its presence is detected via its dsSRNA replication-intermediate (Wang et al.,
2009). Similarly, Slater and colleagues demonstrated that TLR3 and MDA5 (see Section
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1.4.2 for RLRs) are required for the induction of innate cytokine responses of primary human
bronchial epithelial cells (HBECs) to RV infection (Slater et al., 2010). Furthermore, a
separate study also revealed that RV infection increases the expression of TLR3 mRNA and
TLR3 protein on the cell surface of the BEAS-2B cells (Hewson et al., 2005).

As for all viral nucleic acid-sensing TLRs, recognition of dsRNA by TLR3 will activate
specific downstream signalling cascades that lead to the transcription of proinflammatory

cytokines as well as type | IFN genes (Discussed in Section 1.5).
1.4.1.2.  Recognition of viral single-stranded RNA by TLR7/8

TLR7 and TLR8 are structurally homologous, and both are responsible in detecting sSRNA
(Lund et al., 2004, Melchjorsen et al., 2005, Triantafilou et al., 2005). Like TLR3 (Section
1.4.1.1), TLR7 and TLR8 are primarily localised within the intracellular endosomal
compartments (Triantafilou et al., 2005, reviewed in He et al., 2013). In humans, TLR7 is
mainly observed in plasmacytoid DCs whilst TLR8 is predominantly expressed in myeloid
DCs and monocytes (reviewed in He et al., 2013, Kawai and Akira, 2011).

Although many studies have shown that RV infection is predominantly recognised by TLR3
(where RV dsRNA replication-intermediate acts as the key PAMP) (Wang et al., 2009, Slater
et al., 2010) (Section 1.4.1.1), a recent publication has demonstrated that RV genomic ssSRNA
can also be detected by TLR7/8 in primary HBECs (Triantafilou et al., 2011). However, our
group (Parker et al., 2008) and others (Slater et al., 2010, Sadik et al., 2009) have shown that
primary HBECs as well as A459 and BEAS-2B lung epithelial cell lines do not respond to
TLR7/8 agonists. Furthermore, a study has also demonstrated that TLR7 and TLR8 are not
expressed in human A549 lung epithelial cell line (Tissari et al., 2005). These discrepancies
concerning the involvement of TLR7/8 in detecting RV infection in human lung epithelial
cells warrant further study. The possibility that TLR7/8 respond to natural viral infections

distinctly to synthetic ligands remains to be investigated.
1.4.1.3.  Recognition of viral protein capsid by TLR2

As discussed earlier, early detection of RV infection of airway epithelial cells is believed to
mainly be via recognition of RV dsRNA replication-intermediate by the endosomal TLR3
(Section 1.4.1.1). However, two recent publications have shown that RV protein capsid can
also be detected by TLR2 on the epithelial cell surface (Triantafilou et al., 2011, Unger et al.,
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2012). Triantafilou and co-workers demonstrated that knockdown of TLR2 (by RNA
interference) resulted in reduction of cytokine secretion following RV-6 infection in primary
HBECS (Triantafilou et al., 2011).

1.4.2. Retinoic acid inducible gene-1 (RIG-1)-like receptors (RLRs)

As noted earlier, RLRs are a family of PRRs that detect viral RNA present in the cytoplasm
of infected cells. All members of RLRs contain an RNA helicase domain (reviewed in
Yoneyama and Fujita, 2010). To date, three distinct groups of RLRs have been identified
which are retinoic acid inducible gene-I (RIG-1), melanoma differentiation associated gene 5
(MDAD5) and laboratory of genetics and physiology 2 (LGP2) (Satoh et al., 2010, reviewed in
Yoneyama and Fujita, 2010, Takeuchi and Akira, 2010). RLRs recognise viral dsRNA or
synthetic dsSRNA analogue such as polyinosinic:polycytidylic acid (poly 1:C), consequently
inducing the production of type | IFNs as well as proinflammatory cytokines (reviewed in

Yoneyama and Fujita, 2010).

A recent study by Kato and his colleagues showed that the length of the dsSRNAs determine
their differential recognition by RIG-1 and MDAS. They discovered that a relatively long
poly 1:C ( > 1 kbp) was selectively detected by MDAS5, whilst a shorter form of poly I:C
created by enzyme digestion ( <1 kbp) was exclusively recognised by RIG-I (Kato et al.,
2008). Furthermore, presence of 5’-triphosphate moiety of viral RNA is crucial for RIG-1 but
not for MDAS (Hornung et al., 2006, Pichlmair et al., 2006).

Of relevance to viral detection, studies revealed that the 5 end of picornaviruses is protected
by the covalent attachment of a viral protein, called VPg, allowing picornaviruses to evade
recognition by RIG-I (Shen et al., 2008, Habjan et al., 2008). In fact, several reports propose
that MDADS is exclusively responsible for the detection of picornaviruses (Kato et al., 2006,
Gitlin et al., 2006). Using RIG-I-knockout mice, Kato and colleagues discovered that
recognition of viral dsSRNA by RIG-1 is a cell-type specific as they found that RIG-I is critical
in detecting RNA viruses (i.e. Newcastle Disease Virus, Vesicular Stomatitis Virus and
Sendai Virus) in fibroblasts and conventional DCs, but not in plasmacytoid DCs, where in
these particular type of DCs, the viral RNA is sensed by TLRs (Kato et al., 2005).

As mentioned above, MDADS plays a crucial role in detecting picornaviruses. Again, although
picornaviruses are SSRNA viruses, they are known to synthesise long replication intermediate
dsRNAs, thus allowing MDAJS to sense their presence (Wang et al., 2009).
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1.5. TLR and RLR signalling pathways

Following recognition of PAMPs and DAMPs by PRRs, specific intracellular downstream
signalling cascades are activated, which subsequently lead to production of proinflammatory
cytokines (reviewed in Takeuchi and Akira, 2010). However, in response to viral infections,
the infected cells also produce type | IFNs which direct the antiviral immune response
(reviewed in Yoneyama and Fujita, 2010). The two major pathways associated with viral

infections; the TLR and RLR signalling pathways are discussed below.

TLR and RLR signalling pathways have been extensively studied and reviewed by many
groups (Loiarro et al., 2010, Takeuchi and Akira, 2010, Yoneyama and Fujita, 2010,
Chaudhuri et al., 2005, Carty and Bowie, 2010), thus only a brief description of the main
components are described here. TLR signalling is generally categorised into two different
pathways depending on the type of adaptor molecule used which is either MyD88 (Myeloid
Differentiation factor 88) or TRIF (TIR-domain-containing adaptor protein inducing IFN-p).
Production of proinflammatory cytokines is commonly described to be generated through
MyD88-dependent signalling pathway (reviewed in Loiarro et al., 2010, Takeuchi and Akira,
2010) (Discussed in Section 1.5.1). Of relevance to this project, IL-1p (which plays a crucial
role in mediating inflammation in COPD; Section 1.2.4.1) also induces production of
proinflammatory cytokines via the typical MyD88-dependent signalling pathway. However,
TLR3 induces proinflammatory cytokine production via a MyD88-independent pathway,
where it only requires TRIF as its adaptor protein (Yamamoto et al., 2002) (Discussed in
Section 1.5.2). As a result of viral infections, type | IFNs can be produced either via TRIF-
(for TLR3), or via MyD88- (for TLR7/8/9) dependent signalling pathway. Figure 1.5 shows
the TLR/IL-1 receptor (IL-1R) signalling pathways activated following detections of IL-13
and RV dsRNA by IL-1R/IL-1 receptor accessory protein (IL-1RAcp) and TLR3,

respectively.
1.5.1. The MyD88-dependent signalling pathway

All TLRs and IL-1R utilise the adaptor protein MyD88 for signal transduction following
ligand binding; with the exception of TLR3 which signals via TRIF (See Section 1.5.2)
(reviewed in Takeuchi and Akira, 2010, Loiarro et al., 2010). In the MyD88-dependent
pathway, binding of ligand to TLR/IL-1R leads to the recruitment of MyD88 to the

cytoplasmic domain of the receptor complex (See Figure 1.5A). MyD88 then interacts with
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IL-1R-associated kinase (IRAK)-4 via the N-terminal death domain. Activated IRAK-4 in
turn activates other IRAK family members, IRAK-1 and IRAK-2. The IRAKS next dissociate
from MyD88 and interact with TNF receptor-associated factor (TRAF) 6. Activated TRAF6
then interacts and activates TGF-B-activated kinase 1 (TAK1). TAK1 binds and activates the
inhibitory B (IkB) kinase (IKK) complex that subsequently phosphorylates the NF-xB
binding protein IxBo/B. The phosphorylated IKBa/p is then targeted by ubiquitin-mediated
proteasome degradation, making the transcription factor NF-«xB free to translocate from the
cytoplasm to the nucleus and consequently initiate transcription of proinflammatory cytokine
genes such as CXCLS8. The activated TAK1 also activates mitogen-activated protein kinase
(MAPK) cascades leading to activation of activator protein-1 (AP-1), which also participates
in the induction of proinflammatory cytokine genes (reviewed in Takeuchi and Akira, 2010,
Loiarro et al., 2010).
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Figure1.5 TLR/IL-1R signalling pathways activated following recognitions of IL-
1p and RV dsRNA by IL-1R/IL-1RAcP and TLR3, respectively.

(A) In the MyD88-dependent pathway, ligand stimulation recruits MyD88 to the cytoplasmic
domain of IL-1R/IL-1RACP. In turn, MyD88 recruits a family of IRAK proteins (i.e. IRAK 4, 1, 2)
and TRAF6. TRAF6 subsequently activates TAK1 resulting in the activation of an IKK complex.
The IKK complex then phosphorylates IkBa/f, an NF-kB inhibitory protein. Phosphorylated
IxBa/p is then degraded, making the transcription factor complex NF-kB free to translocate from
the cytosol to the nucleus and consequently initiates transcription of proinflammatory cytokine
genes such as CXCLS8. The activated TAK1 also activates MAPK cascades leading to activation of
AP-1, which also participates in the induction of proinflammatory cytokine genes. (B) Ligand-
bound TLR3 activates TRIF-dependent pathway. TRIF interacts with TRAF6 and RIP1
subsequently activating NF-«xB and MAPK pathways responsible for expression of
proinflammatory cytokines genes. TRIF also interacts with TRAF3, which then activates
TBK1/IKKe resulting in the activation of transcription factor IRF3. Activated IRF3 translocates
into the nucleus to induce transcription of type | IFNs such as IFN-B. (See List of Abbreviations for
the abbreviations used in this figure legend.)

[Information gathered from (Loiarro et al., 2010, Takeuchi and Akira, 2010)]
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1.5.2. The TRIF-dependent signalling pathway

Activation of TLR3 by dsRNA results in the recruitment of the adaptor protein TRIF
(reviewed in Kawai and Akira, 2011, Takeuchi and Akira, 2010) (See 1.5B). TRIF interacts
with TRAF3, which then activates TBK1/IKKe. The activated TBKI1/IKKe then
phosphorylates IRF3, and the activated IRF3 in turn translocates into the nucleus to induce
transcription of type | IFNs such as IFN-B. TRIF also interacts with TRAF6 and receptor-
interacting protein 1 (RIP1), which leads to the activation of the transcription factors NF-xB
and AP-1 that are responsible for expression of proinflammatory cytokines genes (reviewed
in Kawai and Akira, 2011, Takeuchi and Akira, 2010).

1.5.3. The RLR signalling pathway

As previously discussed (Section 1.4), the RLR signalling pathway is involved in the
detection of viral dsRNA such as RV dsRNA in the cytoplasm, which results in the
production of proinflammatory cytokines and type | IFNs. Since RV is thought to be
exclusively recognised by MDAS (Section 1.4.1.1 & 1.4.2), the RLR-signalling pathways
activated upon detection of RV long dsRNA by MDADS are described in Figure 1.6. MDA5
detects cytoplasmic viral dSRNA via its positively charged C-terminal domain (reviewed in
Takeuchi and Akira, 2010, Yoneyama and Fujita, 2010). Upon detection of the dsRNA,
MDADS interacts with mitochondrial antiviral signalling (MAVS) protein through homophilic
interactions between caspase recruitment domains (CARDSs), which are ATP-dependent.
MAYVS then activates TRAF3 and TNF receptor-associated death domain (TRADD).
Activated TRAF3 recruits NF-kB-activating kinase (NAK)-associated protein 1
(NAPL)/SINTBAD eventually leading to activation of TBK1 and IKKe. The TBK1/IKKg
then phosphorylates IRF3 and IRF7, and the phosphorylated IRF3 and IRF7 in turn
translocate to the nucleus to initiate transcription of type | IFN genes. Simultaneously,
MAVS-activated TRADD forms a complex with Fas-associated death domain (FADD).
FADD in turn interacts with caspase 8 or caspase 10; and the cleaved form of the caspases
activates NF-kB allowing translocation of NF-kB from the cytosol to the nucleus to
subsequently induce proinflammatory cytokine production (reviewed in Takeuchi and Akira,
2010, Yoneyama and Fujita, 2010).
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Figure 1.6 RLR signalling pathway activated following recognition of RV long
dsRNA by MDAS.

MDAS5 detects cytoplasmic viral dsRNA via positively charged CTD. Upon detection of the
dsRNA, MDAS interacts with a mitochondrial adaptor molecule, MAVS through homophilic
interactions between CARD domains, which are ATP-dependent. MAVS then activates TRAF3
and TRADD. Activated TRAF3 recruits NAP1/SINTBAD eventually leading to activation of
TBK1/IKKe. The TBK1/IKKe then phosphorylates IRF3 and IRF7, and the phosphorylated IRF3
and IRF7 in turn translocate to the nucleus to initiate transcription of type | IFN genes.
Simultaneously, MAVS-activated TRADD forms a complex with FADD. FADD in turn interacts
with caspase 8 or caspase 10; and the cleaved form of the caspases activates NF-xB allowing
translocation of NF-kB from the cytosol to the nucleus to subsequently induce proinflammatory
cytokine production. (See List of Abbreviations for the abbreviations used in this figure legend.)
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1.6. Other cellular systems for detecting viruses

1.6.1. Nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs)

NLRs are a large cytoplasmic receptor family of more than 20 members including NLRP1,
NLRP3, NLRC2, NLRC4 and NLRX1 (reviewed in Lupfer and Kanneganti, 2013).
Structurally, NLRs are comprised of 3 domains: a C-terminal LRR-rich domain, a central
nucleotide-binding oligomerisation domain (NOD), and an N-terminal effector-binding domain,
which is either a CARD, pyrin domain (PYD) or baculovirus inhibitor repeat (BIR) domain
(reviewed in Lupfer and Kanneganti, 2013, Jacobs and Damania, 2012).

Besides their established roles in recognising bacterial PAMPs such as peptidoglycan and
flagellin, NLRs have also been recently associated with the detection of viral nucleic acids
(reviewed in Lupfer and Kanneganti, 2013, Jacobs and Damania, 2012). Recently, NLRP3
has been shown to be involved in recognising influenza virus (sSRNA virus), adenovirus
(dsDNA virus) and Sendai virus (sSRNA virus) (Ichinohe et al., 2009, Muruve et al., 2008,
Kanneganti et al., 2006). Similarly, NLRC2 (also known as NOD2) has been recently
demonstrated to detect several ssRNA viruses including RSV, vesicular stomatitis virus
(VSV), influenza virus and parainfluenza virus 3 (Sabbah et al., 2009, Shapira et al., 2009).
Additionally, a recent structural analysis study demonstrated that NLRX1 could bind to
synthetic ssSRNA and dsRNA ligands, indicating that this NLR might be able to bind viral
RNA directly (Hong et al., 2012).

1.6.2. Stimulator of IFN genes (STING) pathway

In parallel to early studies identifying multiple cytosolic viral DNA receptors, a new
signalling adaptor protein called STING was discovered in 2008 (reviewed in Chow et al.,
2015). STING is a membrane resident protein found on the ER or mitochondrion that bridges
most viral DNA receptors to downstream signalling events (reviewed in Maringer and
Fernandez-Sesma, 2014, Unterholzner, 2013). STING contains four N-terminal
transmembrane domains and a globular C-terminal domain, which facilitates interaction of
STING with TBK1 (reviewed in Davis and Gack, 2015, Maringer and Fernandez-Sesma,
2014). Upon cytosolic DNA stimulation, STING rapidly dimerises and translocates from the
endoplasmic reticulum (ER) through the Golgi apparatus to perinuclear vesicles, where it
interacts with TBK1. STING then facilitates the recruitment of IRF3 to TBK1 and subsequent
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IRF3 phosphorylation, leading to the nuclear translocation of IRF3 and the induction of type I
IFN and other cytokines (reviewed in Chow et al., 2015, Bhat and Fitzgerald, 2014).

STING has been shown to play an important role in the recognition of herpes simplex virus
(HSV) (dsDNA virus) (Ishikawa et al., 2009, Ishikawa and Barber, 2008). Furthermore,
studies have demonstrated the crucial roles of STING in the production of type I IFN in
response to several RNA viruses including VSV and Sendai virus (Zhong et al., 2008, Sun et
al., 2009, Zhong et al., 2009).

1.7. Key antiviral cytokines and chemokines induced in response to
RV infection

1.7.1. IFNs

IFNs are key cytokines in the antiviral innate immune response. There are three different
types of IFNs (type I, 11 and 111); classified based on their structural features, receptor usage
and biological functions. Type | IFNs include IFN-a and IFN-, type II IFN is represented by
a single gene product, IFN-y; and the more recently discovered type 111 IFNs include IFN-A1,
IFN- A2 and IFN-A3 (reviewed in Trinchieri, 2010). Whilst types I and I11 IFNs play crucial
roles in antiviral immunity, studies have shown that IFN-y (the sole type Il IFN) is less
involved in antiviral activity, but mainly associated with immune defence against intracellular
bacteria and anti-tumour immune response (Dalton et al., 1993, Dorman et al., 2004,
reviewed in Donnelly and Kotenko, 2010). Of relevance to the current project, only type |
and type I11 IFNs which exhibit potent antiviral activities are summarised below.

1.7.11. Typel

Among all types of IFNs, type | IFNs are the best characterised, and play important roles in
antiviral innate immunity. In humans, the type | IFN family consists of 16 members; namely
12 IFN-a subtypes, IFN-B, IFN-¢, IFN-k and IFN-o (reviewed in Gonzalez-Navajas et al.,
2012). Of all the members of type | IFN family, IFN-a and IFN-f are the best studied and
most widely expressed (reviewed in Trinchieri, 2010). Of relevance to the current study, type
I IFNs such as IFN-B and IFN-a can be induced following activation of TLR/RLR signalling
pathways by RV dsRNA (See Section 1.5). As previously described in Section 1.5,
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production of IFNs including type I IFNs is mainly controlled at the gene transcriptional level
where IRFs act as major regulators of the IFN gene expression (reviewed in Honda and
Taniguchi, 2006). Among nine members of IRF family, IRF3 and IRF7 are believed to be the
key regulators of virally-induced type I IFN production.

1.7.1.2.  Typelll

The type 111 IFN family was only discovered in 2003, and includes IFN-A1, IFN-A2 and IFN-
A3 (Kotenko et al., 2003, Sheppard et al., 2003). Type 111 IFNs are induced in virally infected
cells by mechanisms similar to those for type | IFNs (reviewed in Honda et al., 2006).
Although the signalling pathways triggered downstream of type | and type Il receptor
engagement lead to similar transcriptional responses, the cellular receptors utilised are

distinct (reviewed in Levy et al., 2011) (See section 1.7.2 below for details).
1.7.2. IFN-stimulated genes (1SGs)

Upon viral infection, type | (IFN-a and IFN-) and type Il (IFN-A) IFNs are produced by the
virally-infected cells. The newly secreted type | and type Il IFNs then trigger expression of
over 300 IFN-stimulated genes (ISGs) in neighbouring cells via binding to distinct cell
surface receptors (reviewed in Kotenko, 2011). IFN-a and IFN-B bind to a heterodimeric
IFN-a/p receptor (IFNAR) composed of two chains, IFNAR1 and IFNAR2. IFN-As bind to
an unrelated receptor consisting of IFN-A receptor 1 (IFNLR1) chain and a second chain, IL-
10R2 which is shared by the IL-10 family of cytokines (reviewed in Levy et al., 2011).
Binding of any of these IFNS to their respective receptors leads to activation of the Janus
kinase (Jak)/signal transducer and activator of transcription (STAT) signalling pathways,
which then activates transcription of hundreds of 1SGs (reviewed in Samuel, 2001,
Grandvaux et al., 2002). It is the proteins encoded by the ISGs that mediate the antiviral
effects of these IFNs. Figure 1.7C shows a brief overview of the Jak/STAT signalling
pathways activated following the binding of type I IFN, IFN-B to IFNAR which leads to
induction of I1SGs in response to RV infection. The main 1SGs studied within this thesis (i.e.
CCL5 and CXCL10) are described below.

1.7.2.1. CCL5

CCLS5, previously known as regulated on activation, normal T cell expressed and secreted
(RANTES), is one of the ISGs produced in response to viral infection. CCL5 is produced in a
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variety of different cell types including epithelial cells, fibroblasts and T lymphocytes (Smith
et al., 1996, Xia et al., 1997). CCL5 is a chemoattractant of monocytes, eosinophils and T
lymphocytes, but does not attract neutrophils (Schall et al., 1990). CCL5 has been shown to
bind to the chemokine receptors CCR1 (Gao et al., 1993, Neote et al., 1993), CCR3
(Daugherty et al., 1996) and CCR5 (Combadiere et al., 1996, Raport et al., 1996).

1.7.22. CXCL10

CXCL10, previously known as IFN-y-induced protein of 10kDa (IP-10), is another I1SG
produced in response to viral infection. CXCL10 is produced in a variety of different cell
types including endothelial cells, epithelial cells and fibroblasts (Miller and Krangel, 1992,
Oppenheim et al., 1991). CXCL10 is a chemokine responsible for recruitment of monocytes
and T cells, but has no effect on neutrophils chemotaxis (Dewald et al., 1992, Miller and
Krangel, 1992). CXCL10 binds to the G-protein coupled receptor CXCR3 (Loetscher et al.,
1996). Of relevance to this project, CXCL10 protein levels are increased in the airways of
patients with COPD (Saetta et al., 2002).
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Figure 1. 7  Signalling pathways implicated in the production of type I IFNs and

ISGs in response to RV infection.
(A) TLR3- and (B) MDAS5- mediated signalling pathways that lead to production of type I IFNs in

response to RV infection. See Figure 1.4 & 1.5 for description. (C) IFN-B-bound IFNAR transmits
signals downstream via the Jak/STAT pathway. STAT1 and STAT2 are phosphorylated by Jak
kinases, translocated to the nucleus, and form a transcription activator, ISGF3 with a DNA-binding
subunit, IRF9. ISGF3 activates hundreds of IFN-stimulated genes such as CCL5. (See List of

Abbreviations for the abbreviations used in this figure legend.)
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1.8. Autophagy

Macroautophagy (referred to herein as autophagy) is a regulated catabolic process by which
cytosolic damaged organelles or unused proteins are sequestered in double-membrane
vesicles termed autophagosomes. Autophagosomes then fuse with lysosomes to form
autolysosomes for subsequent degradation of cytosolic cargos and recycling of amino acid
pools (reviewed in Richetta and Faure, 2013, Codogno et al., 2012) [See (Figure 1.8)].
Autophagosomes can also fuse with endosomes to form amphisomes; before fusing with
lysosomes (reviewed in Ryter et al., 2011). Autophagy is primarily used as cellular adaptation
to a variety of stress conditions, such as nutrient starvation, contributing to cell survival.
However, autophagy may also be involved in the cell death pathway (reviewed in Richetta
and Faure, 2013, Patel et al., 2013). Beyond its role in homeostasis maintenance, autophagy
can also destroy intracellular microorganisms such as viruses and bacteria through their

selective targeting (reviewed in Levine et al., 2011).

Autophagy is a complex process involving multiple phases and proteins (See Figure 1.8). To
date, over 30 autophagy-related gene (Atg) proteins have been discovered to be involved in
the autophagy pathway (reviewed in Nakahira and Choi, 2013). The first phase in the
autophagy pathway is the formation of isolation membranes termed phagophores. A
phagophore could originate from several sources including the ER, the Golgi apparatus, and
the plasma membrane of the mitochondria (reviewed in Nakahira and Choi, 2013, Richetta
and Faure, 2013). Following induction of autophagy (as a result of stress conditions such as
nutrient depletion), the uncoordinated-51-like autophagy activating kinase 1 (ULK1) complex
translocates to the targeted membrane (such as the ER membrane) and subsequently activates
the class 111 phosphoinositide 3-kinase (PI3K) complex. This class Il PI3K complex, which
is composed of several proteins including Beclin-1, class 1l PI3K, phosphoinositide 3-kinase
regulatory subunit 4 (PIK3R4), Atgl4, and activating molecule in Beclin-1-regulated
autophagy protein 1 (AMBRAL) is required for the formation of phagophores (reviewed in
Ryter et al., 2011, Levine et al., 2011) (Figure 1.8).

During the elongation phase, the phagophore expands to surround and engulf a cytosolic
cargo of material targeted for degradation, and eventually forms a double-membrane structure
called autophagosome (Figure 1.8). The elongation phase of autophagosome formation
requires two conjugation systems. In the first system, Atgl2 is conjugated to Atg5. The

resulting Atg5-Atgl2 complex then forms a complex with Atgl6L, which contributes to
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elongation of the autophagic membrane (reviewed in Levine et al., 2011, Jordan and Randall,
2011). The second conjugation system requires the microtubule-associated protein-1 light
chain 3 (LC3), which exists in two forms, LC3-1 and LC3-11. The protease Atg4 cleaves the
precursor form of LC3 to generate the LC3-1 form, which has an exposed lipid conjugation
site at the C-terminal glycine residue. LC3-1 can be conjugated with the cellular lipid
phosphatidylethanolamine (PE) by Atg7, Atg3 and the Atg5-Atgl2-Atgl6L complex to form
LC3-Il. The newly formed LC3-Il is then incorporated into both cytoplasmic and luminal
faces of the growing autophagosome. In mammals, the conversion of LC3-1 (the free form) to
LC3-Il (the PE-conjugated form) is a crucial regulatory step in autophagosome formation
(reviewed in Levine et al., 2011, Jordan and Randall, 2011, Patel et al., 2013).

In the final phases of autophagy, the autophagosome containing the cytosolic components
and organelles fuses with the lysosome to become autolysosome (Figure 1.8). Subsequently,
the lysosomal degradative enzymes such as acid hydrolases digest the encapsulated contents
of autolysosomes. The digested contents are then released to the cytosol for metabolic

recycling (reviewed in Nakahira et al., 2011, Levine et al., 2011).
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Figure 1.8  Overview of the autophagy pathway.

Activation of the uncoordinated-51-like autophagy activating kinase 1 (ULK1) complex in
response to certain signals initiates the formation of an isolation membrane termed phagophore.
Class 1ll phosphoinositide 3-kinase (PI3K) complex composed of Beclin-1, class 1l PI3K,
phosphoinositide 3-kinase regulatory subunit 4 (PIK3R4), Atgl4, and activating molecule in
Beclin-1-regulated autophagy protein 1 (AMBRAL) is also involved in the phagophore formation.
The Atg5-Atgl2-Atgl6L complex and LC3-11 phosphatidylethanolamine (PE) conjugate promote
the elongation and enwrap the cytosolic cargos including mitochondria, leading to the formation of
autophagosome. Subsequently, lysosome fuses with the autophagosome (the formation of
autolysosome) and releases acid hydrolases into the interiors to degrade the cytosolic cargos.
[Other abbreviations used in the schematic diagram: Atg, autophagy-related gene protein; LC3,
microtubule-associated protein-1 light chain 3]

[Information gathered from (Nakahira and Choi, 2013, Ryter et al., 2011)]
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1.8.1. Autophagy in COPD

Increasing evidence suggests that autophagy may play a complex role in COPD by which it
may cause either favourable or deleterious phenotype depending in the disease process
(reviewed in Mizumura et al., 2012, Haspel and Choi, 2011). Chen and co-workers have
shown that autophagy was increased in lung tissue samples derived from patients with COPD
at all stages of disease severity (GOLD stage 0 to 4) (Chen et al., 2008). The authors also
demonstrated that autophagy was upregulated in vitro in primary HBECs exposed to cigarette
smoke extract (CSE), and in vivo in the lungs of mice that were chronically exposed to
cigarette smoke (Chen et al., 2008). The same group also reported that autophagy and
apoptosis were concomitantly activated in the BEAS-2B lung epithelial cell line in response
to CSE treatment (Kim et al., 2008). Taken together, these studies provide evidence of the
adverse effects of autophagy on COPD, by triggering lung epithelial cell death commonly
associated with the development of emphysema, a key condition seen in COPD (See Section
1.1.1).

In contrast to the previous findings obtained in CSE-treated-lung epithelial cells (Chen et al.,
2008, Kim et al., 2008), a recent study by Monick et al. demonstrated that autophagic
activity was impaired in alveolar macrophages isolated from either patients with COPD,
actively smoking patients without COPD (with a greater than 10 pack-year smoking history)
or non-smokers; following CSE treatment (Monick et al., 2010). It is possible that the

pathophysiological roles of autophagy is cell-type specific.
1.8.2. Autophagy in antiviral innate immunity

Recently, autophagy has been implicated as one of the mechanisms by which the host cells
defend against various viral infections (reviewed in Yordy et al., 2012). Autophagy can
contribute to antiviral innate immunity via multiple mechanisms including directly entrapping
and degrading virions and virion components (a process termed xenophagy) and by mediating
the recognition of viral PAMPs by PRRs (reviewed in Deretic et al., 2013, Jordan and
Randall, 2011). Of relevance to the current study, the following section will focus on the role
of autophagy in delivering cytosolic viral PAMPs to the endosomal PRRs.
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1.8.2.1.  Delivery of viral PAMPs to endosomal PRRs by autophagy

As previously discussed in Section 1.4, TLRs that are responsible for the recognition of viral
nucleic acids (i.e. TLR 3, 7, 8 and 9) are located in the endosomes, whilst viral-detecting
RLRs (i.e. RIG-1 and MDADS) are localised in the cytosol. Since many RNA viruses such as
RV release their nucleic acid to the cytoplasm for replication, it is clear how the cytoplasmic
RLRs are activated by these infections. However, in the case of the endosomal TLRs, it is
less apparent since the nucleic acid is protected from the endosomal environment by its
capsid during endocytosis. Thus, whilst TLRs are known to play crucial roles in the early

detection of many viral infections, the exact mechanisms remain unclear.

For several viruses, autophagy has been recently shown to be responsible for the delivery of
cytosolic viral PAMPs to endosomal TLRs, which subsequently leads to the production of
proinflammatory and antiviral cytokines (reviewed in Yordy et al., 2012, Richetta and Faure,
2013). In VSV infection, the production of antiviral IFN-a by murine plasmacytoid DCs was
shown to be dependent upon the autophagic delivery of viral replication intermediates to
endosomal TLR7 (Lee et al., 2007). Similarly, it has been reported that TLR7-dependent
secretion of IFN-a by simian virus 5 (SV5) in human plasmacytoid DCs was dependent on
autophagy (Manuse et al., 2010). Furthermore, Gorbea and colleagues have demonstrated the
autophagy-dependent activation of TLR3 in human Kkidney fibroblasts infected with
coxsackie virus B3 (CVB3) (Gorbea et al., 2010). More recently, Zhou et al. have shown that
TLR7-dependent IFN-a production requires autophagy in human plasmacytoid DCs
following infection with HIV-1 (Zhou et al., 2012).

1.8.2.2.  Autophagy and RV infection

Whilst there are no studies to date specifically investigating the roles of autophagy in the
induction of inflammatory responses to RV infection, several studies have reported the
requirement for autophagy in RV replication, although this remains controversial. In their
studies of RV-2 (a minor group of RV), Brabec-Zaruba et al. showed that this particular
serotype of RV does not induce autophagy and that modulation of autophagy does not affect
viral replication (Brabec-Zaruba et al., 2007). In contrast, another group has demonstrated
that RV-2 and RV-14 (a major group of RV) induce autophagosome formation and that both
RV serotypes exploit the autophagy machinery to promote their replication (Klein and

Jackson, 2011, Jackson et al., 2005). However, all these published studies were performed
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using HeLa cells, a human cervical epithelial cell line, and since RV is a natural respiratory
tract pathogen, it would be of greater relevance to explore the roles of autophagy in RV

infection of airway cells.

1.9. Phosphoinositide-3 kinase (PI13K)

Apart from causing the recruitment of signalling adaptor molecules to initiate
proinflammatory responses (Section 1.5), TLR activation also leads to the activation of
phosphoinositide 3-kinases (PI3Ks) (reviewed in Troutman et al., 2012). PI3Ks have been
shown to play important roles in many cellular responses including cell proliferation, cell
survival, autophagy and regulation of proinflammatory responses (reviewed in Troutman et
al., 2012, Hazeki et al., 2007).

1.9.1. Classes of PI3Ks: A brief overview

PI3Ks are a family of cellular enzymes that phosphorylate the 3-hydroxyl group of the
inositol ring of three species of phosphatidylinositol (Ptdins) lipid substrates; namely, PtdIns,
Ptdinsdphosphate (Ptdins4P) and Ptdins4,5bisphosphate (PtdIns(4,5)P,) (reviewed in
Vanhaesebroeck et al., 2010, Okkenhaug, 2013). The newly generated 3-phosphorylated
phosphoinositides act as second messenger molecules, which regulate the intracellular
localisation and activity of various effector proteins. The most important downstream effector
of PI3K is the serine/threonine kinase Akt. The PI3K/AKkt signalling pathway is involved in a
wide variety of cellular responses including vesicle trafficking, cell growth, proliferation,
autophagy and immunity (reviewed in McNamara and Degterev, 2011, Vanhaesebroeck et al.,
2010) (Discussed in Section 1.9.2). There are eight mammalian PI3Ks which have been
divided into three classes: class I, Il and Il1; based upon structural characteristics and lipid
substrate specificities (See Figure 1.9). Class | PI3Ks can phosphorylate PtdIns, PtdIns4P and
PtdIns(4,5)P,. Class 1l PI3Ks preferentially phosphorylate Ptdins and Ptdins4P, whilst class
1l PI3Ks can only phosphorylate Ptdins (reviewed in Vanhaesebroeck et al., 2010,
Okkenhaug, 2013).

Amongst the three classes of PI3Ks, class | kinases are the best understood. Members of the

class | PI3K family are composed of a catalytic subunit (termed p110) and a regulatory
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subunit (p85-type, p101 or p87) (reviewed in Vanhaesebroeck et al., 2010, Okkenhaug, 2013).
Class | PI3K isoforms are subdivided into class 1A and class IB depending upon which
regulatory subunit they employ. The class IA PI3Ks (p110a, p110p and p1105) bind the p85
type of regulatory subunit, whilst the class 1B PI3K (p110y) binds one of two related
regulatory subunits, p101 and p87 (See Figure 1.9). Unlike class Il and I11, all class | PI3Ks
can phosphorylate PtdIns(4,5)P,, which is converted to PtdIns(3,4,5)P; (reviewed in
Okkenhaug, 2013, Troutman et al., 2012).

Compared to the other classes of PI3Ks, class Il PI3Ks are the least understood. There are
three isoforms of class Il PI3Ks in mammals: C2a, C2, andC2y (See Figure 1.9). It is well
accepted that class Il PI3Ks can phosphorylate Ptdins and PtdIns4P to the corresponding 3-
phosphoinositide lipids. However, whether class 1l PI3Ks are capable of phosphorylating
PtdIns(4,5)P, remains unclear (reviewed in Falasca and Maffucci, 2012, Vanhaesebroeck et
al., 2010). An in vitro study conducted by Gaidarov and colleagues has shown that upon
addition of clathrin, PI3K-C2a could alter its substrate specificity, by which it could also
convert Ptdins(4,5)P, to PtdIns(3,4,5)Ps; apart from synthesising Ptdins(4,5)P, from its
common substrate PtdIns4P (Gaidarov et al., 2001). However, the exact mechanism of

regulation of class Il PI3K activity by clathrin remains to be determined.

Class Il PI3K has only one member, namely, vacuolar protein sorting 34 (Vps34). The
protein kinase Vps15, which forms a complex with VVps34, has been identified as a regulatory
protein, however its specific role in Vps34 regulation remains poorly understood (reviewed in
Vanhaesebroeck et al., 2010, Okkenhaug, 2013) (See Figure 1.9). Unlike class | and 11 PI3Ks,
the class 11l PI3K Vps34 has a lipid substrate specificity limited to PtdIns, generating
PtdIns4P. In mammals, Vps34 has a well established role in endocytosis, phagocytosis, and
autophagy (reviewed in Okkenhaug, 2013, Vanhaesebroeck et al., 2010).
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Figure 1.9  Classification and structural characteristics of the PI3K family.

PI3Ks are divided into three classes based on their structural characteristics and substrate
preferences. Each type of PI3K contains a C2 domain and a catalytic domain connected by a
helical (PIK) domain. Class I and Il, but not class Il PI3Ks, also contain a Ras-binding (Ras-b)
domain at their N terminal. Class I PI3Ks are subdivided into a class IA group (p110a, p110p and
p1106), which bind the p85 type of regulatory subunit, and a class 1B group (p110y), which binds
one of two related regulatory subunits, p101 and p87. All p85 isoforms have two Src homology 2
(SH2) domains. p101 and p87 lack SH2 domains and have no homology to other proteins or
identifiable domain structure. Class Il PI3Ks lack regulatory subunits but have two distinct
domains at their C terminal, a phox homology (PX) domain and another C2 domain, which could
mediate protein-protein interactions. Class Il PI3K has only one catalytic member, Vps34 which
forms a complex with a serine/threonine kinase, Vpsl5. (See List of Abbreviations for the
abbreviations used in the schematic diagram and the figure legend.)

[Information gathered from (Vanhaesebroeck et al., 2010, Koyasu, 2003)]
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1.9.2. The PI3K/Akt signalling pathway

As previously discussed in Section 1.9.1, class | PI3Ks can phosphorylate PtdIns(4,5)P,
generating PtdIns(3,4,5)Ps. Increased concentrations of PtdIns(3,4,5)P; at the plasma
membrane leads to the recruitment of the serine/threonine kinase Akt and 3-phosphoinositide
dependent protein kinase-1 (PDPK1) (reviewed in Troutman et al., 2012, McNamara and
Degterev, 2011). The close proximity of these two proteins at the plasma membrane
promotes the phosphorylation of Akt by PDPK1. The activated Akt can phosphorylate and
activate a wide range of substrates which mediate many cellular processes including cell
growth, proliferation, cell metabolism and protein synthesis (reviewed in Courtney et al.,
2010, McNamara and Degterev, 2011). Of relevance to the current study, the role of
PI3K/Akt signalling in the regulation of TLR signalling pathway and autophagy are

summarised below.

1.9.2.1. The role of PI3K/Akt signalling in the regulation of TLR signalling
pathway

The role of PI3K/Akt signalling in the regulation of TLR signalling pathway remains
incompletely understood. Studies using pharmacological inhibitors of PI3K have reported
contradicting findings. Some studies have shown that PI3K acts as a positive regulator of
TLR signalling and therefore the proinflammatory response; whilst other studies have
demonstrated that PI3K inhibits the inflammatory response (reviewed in Troutman et al.,
2012, Hazeki et al., 2007). Sarkar and colleagues have shown that TLR3-mediated
phosphorylation and activation of IRF3 was inhibited by the general PI3K inhibitor
LY294002 or wortmannin in human embryonic kidney 293 (HEK?293), following stimulation
with poly(1:C) (Sarkar et al., 2004). In contrast, a study done by Aksoy et al. demonstrated
that treatment with LY?294002 or wortmannin enhanced the TLR3-dependent NF-xB
activation and IFN-B synthesis, in human DCs and HEK293 cells, in response to poly(l:C)
stimulation (Aksoy et al., 2005). Furthermore, Ishii and co-workers have reported that
wortmannin inhibited the uptake and co-localisation of CpG DNA with TLR9 in endocytic
compartments, hence reducing CpG-induced activation of NF-xB and subsequent I1L-12
production in mouse bone marrow-derived DCs (BMDCs) (Ishii et al., 2002). On the other
hand, using the same cell type (i.e. mouse BMDCs) Fukao and colleagues demonstrated that

CpG DNA-induced production of 1L-12 was augmented by wortmannin (Fukao et al., 2002).
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Studies using transgenic mice lacking PI3K regulatory or catalytic subunits are considered as
a more specific approach to examine the role of PI3K in regulating TLR signalling (reviewed
in Troutman et al., 2012, Ruse and Knaus, 2006). Similar to the results obtained by
pharmacological studies, the findings attained by genetic studies concerning the pro- or anti-
inflammatory roles of PI3K/Akt pathway are also contradictory, although it could be due to
the cell-type specificity of the PI3K/Akt signalling (reviewed in Hazeki et al., 2007, Ruse and
Knaus, 2006). Most studies performed using DCs or macrophages provide evidence that the
PI3K/Akt pathway acts as a crucial negative regulator of the proinflammatory response
(reviewed in Troutman et al., 2012, Hazeki et al., 2007). Fukao and colleagues have shown
that DCs obtained from p85a-deficient mice secreted higher levels of proinflammatory
cytokines IL-12, IFN-y and TNF-a upon TLR2, TLR4, TLR5 and TLR9 stimulation,
compared to the wild-type controls (Fukao et al., 2002). Using transient transfection, Pengal
and co-workers demonstrated that mouse Raw 264.7 macrophage cell line over-expressing a
constitutively active form of Akt generated higher levels of the anti-inflammatory cytokine
IL-10, in response to LPS (Pengal et al., 2006). Furthermore, a study has shown that
macrophages from Aktl-deficient mice had increased LPS-induced production of the
proinflammatory cytokines IL-6, TNF-a and IL-17 (Androulidaki et al., 2009). In contrast,
Yum and colleagues have shown that lung neutrophils obtained from p110y-deficient mice
exhibited reduced levels of NF-kB activation and the subsequent production of the
proinflammatory cytokines IL-1B and TNF-a, in response to LPS (Yum et al., 2001).
Additionally, Rhee et al. demonstrated that the non-transformed human colonic epithelial
NCMA460 cells transiently transfected with the dominant negative form of p85 or Akt showed
lower TLR5-mediated IL-8 production (Rhee et al., 2006).

1.9.2.2.  Avrole for PI3K/Akt/mTOR signalling in autophagy modulation

The kinase mammalian target of rapamycin (mTOR) is one of the most studied downstream
targets of the PI3K/Akt pathway. mTOR is a serine/threonine kinase which acts as a crucial
negative regulator of autophagy. The PI3K/Akt pathway activates mTOR in response to
growth factors such as insulin or nutrients such as amino acids (reviewed in Heras-Sandoval
et al., 2014, Choi et al., 2013). Suppressing mTOR activity by nutrient starvation or other
cellular stresses leads to activation of ULK1 complex and subsequent formation of
phagophore (See Section 1.8 for description of the autophagy pathway). Autophagy supplies

recycled nutrients to the cells, which in turn reactivates mTOR to inhibit autophagy. Apart
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from autophagy, mTOR also plays a vital role in controlling other cellular processes
including cell growth and metabolism (reviewed in Shimobayashi and Hall, 2014, Deretic et
al., 2013).

In normal physiological condition, mTOR phosphorylates ULK1 (a positive regulator of
autophagy) at Ser758, preventing the interaction between ULK1 and adenosine 5’-
monophosphate-activated protein kinase (AMPK) (a positive regulator of autophagy that
responds to energy depletion), and therefore inhibits autophagy (Kim et al., 2011, reviewed in
Shimobayashi and Hall, 2014). Under nutrient depletion, mTOR is inactivated, and hence
ULK1 is dephosphorylated, allowing ULK1 to interact with AMPK. AMPK sequentially
phosphorylates ULK1 at Ser317 to activate it (Kim et al., 2011, reviewed in Shimobayashi
and Hall, 2014). Activated ULK1 then translocates to the targeted membrane (such as the ER
membrane) and subsequently activates the class 11l PI3K complex which is necessary for
phagophore nucleation (See Section 1.8) (reviewed in Mizushima et al., 2011, Levine et al.,
2011). Furthermore, several studies have shown that mTOR can directly phosphorylate and
inhibit Atgl3 (a positive regulator of ULK1) at a phosphorylation site (or sites) that is yet to
be identified (Hosokawa et al., 2009, Ganley et al., 2009, Jung et al., 2009). More recently,
Yuan and colleagues demonstrated that mTOR can also inhibit autophagy by directly
phosphorylating Atgl4. The phosphorylation of Atgl4 impedes PtdIns4P generation by the
Atgl4-containing class 111 PI3K complex (Yuan et al., 2013).

1.10. Hypotheses and aims

COPD is an increasing global health problem that needs further attention. Understanding the
complex pathological mechanisms in COPD is crucial in order to offer better treatments. The
substantial difficulty in translating findings obtained using murine models of COPD makes
the in vitro human tissues experimental system essential (Sabroe et al., 2007a).

Possible involvement of other tissue cells beyond epithelium, such as fibroblasts in
amplifying inflammatory response in COPD remains to be fully determined. There is
mounting evidence reporting the effects of respiratory viruses such as RV on the
exacerbations of COPD; however, there is still much to learn about the exact mechanisms of
RV-induced COPD exacerbations.
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Autophagy has been shown to participate in the control of various viral infections (reviewed
in Yordy et al., 2012). However, the potential role of autophagy in mediating recognition of
dsRNA intermediates by endosomal TLR3 and therefore inflammatory responses is not yet
studied.

In this thesis, it was hypothesised that:

1. Airway fibroblasts play important roles in COPD exacerbations via TLR/IL-1R
signalling pathways; and can affect how viral infections are controlled in health and
disease.

2. Autophagy is required for the presentation of cytoplasmic RV dsRNA to the TLR3-
containing endosomes, therefore plays a role in the RV-induced innate immune

responses.
The aims of this thesis were:

1. To investigate the innate immune responses of human airway fibroblasts to RV
infection, and to compare those responses with those of airway epithelial cells.

2. To determine whether autophagy is involved in the detection of RV infection, and
therefore regulates the RV-induced responses of airway epithelial cells.
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2. Materials and Methods

2.1. Materials
2.1.1. Culture media

Table 2.1 Culture media used in this study listed in alphabetical order.
Name Composition; (Supplier) Application
BEAS-2B RPMI 1640 containing 2 mM L-glutamine (Invitrogen), 2% BEAS-2B
cell infection | low endotoxin fetal calf serum (FCS)* (PromocCell, Il infecti
media Heidelberg, Germany), 100 U/ml penicillin, 100 pg/ml cetl Intection

streptomycin (Invitrogen, Paisley, UK).
BEGM Bronchial Epithelial Basal Media (BEBM) (PromoCell, HBEC
complete Heidelberg, Germany) with Bronchial Epithelial Growth culture
media Media (BEGM) single quot additives (PromoCell, Heidelberg,

Germany)
BEGM 0.004 ml/ml bovine pituitary extract, 10 ng/ml recombinant HBEC
single quot | human epidermal growth factor, 5 pg/ml recombinant human | culture
additives insulin, 0.5 pg/ml hydrocortisone, 0.5 pg/ml adrenaline, 6.7

ng/ml triiodo-L-thyronine, 100.5 pg/ml human transferrin, 0.1

ng/ml retinoic acid (all from PromoCell, Heidelberg,

Germany)
HelLa Ohio | DMEM containing 2mM L-glutamine (Invitrogen), 2% low HeLa Ohio
cell infection | endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml | cell infection
media penicillin, 100 pg/ml streptomycin (Invitrogen), 2% 1M

HEPES (Invitrogen), 1% sodium bicarbonate (Invitrogen)
HBEC BEBM (PromoCell, Heidelberg, Germany) HBEC
infection infection
media
HLF Lung Fibroblast Basal Media (LFBM) (PromoCell, HLF
infection Heidelberg, Germany) infection
media
IPFF DMEM containing 2mM L-glutamine (Invitrogen), 15% low | IPFF culture
complete endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml
media penicillin, 100 pg/ml streptomycin (Invitrogen)
IPFF DMEM containing 2mM L-glutamine (Invitrogen), 2% low IPFF
infection endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml | infection
media penicillin, 100 pg/ml streptomycin (Invitrogen)
LFGM LFBM (PromoCell, Heidelberg, Germany) with Lung HLF culture
complete Fibroblast Growth Media (LFGM) single quot additives
media (PromoCell, Heidelberg, Germany)
LFGM 0.02 ml/ml FCS, 1 ng/ml recombinant human fibroblast HLF culture
single quot | growth factor, 5 pg/ml recombinant human insulin (all from
additives PromoCell, Heidelberg, Germany)
MEM MEM containing 2mM L-glutamine (Sigma-Aldrich), 10% MRC-5 cell
complete low endotoxin FCS (PromoCell, Heidelberg, Germany), 100 | culture
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media U/ml penicillin, 100 pg/ml streptomycin (Invitrogen, Paisley,

UK).
MRC-5 cell | MEM containing 2mM L-glutamine (Sigma), 2% low MRC-5 cell
infection endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml [ infection
media penicillin, 100 pg/ml streptomycin (Invitrogen, Paisley, UK).
RPMI 1640 | RPMI 1640 containing 2mM L-glutamine (Sigma), 10% low | BEAS-2B
complete endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml | cell culture
media penicillin, 100 pg/ml streptomycin (Invitrogen, Paisley, UK).

* NOTE: Endotoxin levels of the FCS used were equal to or less than 0.5 endotoxin units

(EU)/m.

2.1.2. Buffers and reagents

Table 2.2 Buffers and reagents used in this study listed in alphabetical order.
Reagent Composition Application
2X sample buffer 4% sodium dodecyl sulfate (SDS), 0.1M Western blot
Dithiothreitol (DTT), 20% glycerol, 62.5mM
Tris-HCL (pH 6.8), 0.004% bromophenol
blue
Agarose Agarose molecular grade powder (National Agarose gel

Diagnostics, UK)

electrophoresis

ELISA coating buffer

0.14M NaCl, 2.7mM KCI, 1.5mM KH3POy,

(pH 7.2-7.4) 8.1mM Na,HPO, 3R
0.5M NaCl, 2.5mM NaH,POy, 7.5mM
ELISA wash buffer (pH | . 1ip0,. 0.19 TWEEN-20, pH to 7.2 with | ELISA

7.2)

NaOH

Phosphatase lysis
buffer

50mM Tris Base, 50mM NaF, 50mM g -
glycerophosphate, 10mM sodium
orthovanadate, 1% Triton X-100, 1mM
PMSF, 1:100 Protease inhibitor cocktail 111
(Calbiochem)

Western blot

Resolving gel (10 or 12
%)

0.375M Tris Base (pH 8.8), 0.1% SDS,
10/12% polyacrylamide, 0.1% ammonium
persulphate (APS), 0.04% TEMED

Western blot

SDS-PAGE running
buffer

20mM Tris Base (pH 8.8), 192mM glycine,
0.1% SDS

Western blot

Stacking gel (5%0)

0.125M Tris Base (pH 6.8), 0.1% SDS, 5%
polyacrylamide, 0.1% APS, 0.08% TEMED

Western blot
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TAE (50X)

242 g Tris Base, 37.2 g EDTA, 57.1 ml
acetic acid

Agarose gel
electrophoresis

Transfer buffer

20mM Tris Base (pH 8.8), 192mM glycine,
0.01% SDS, 20% methanol

Western blot

2.1.3. Commercially available kits

Table2.3  Commercially available kits used in this study listed in alphabetical order.

Name Components Application Supplier
DNA-free'™ 10X DNase | Buffer, rDNase |, DNase Genomic DNA | Ambion
Inactivation Reagent removal
High-Capacity 10X RT Buffer, 25X dNTP Mix cDNA Applied
cDNA Reverse (100mM), 10X RT Random Primers, synthesis Biosystems
Transcription MultiScribe™ Reverse Transcriptase,
Kit RNase Inhibitor, nuclease-free water
Buffer RLT, Buffer RW1, Buffer RPE,
... | RNase-free water, QlAshredder spin Total RNA :
NSNS columns, RNeasy spin columns, 2ml and | extraction QUELET
1.5ml collection tubes

Refer to manufacturers’ component formulations for detailed component composition.

2.1.4. Antibodies

2.14.1.

Antibodies for western blot

Table2.4  Antibodies for western blot used in this project.

Primary; (Supplier)

Technology)

Secondary (All from Cell Signaling

1:2000 anti-Beclin-1 (Abcam)

1:2000 anti-mouse IgG-HRP

1:2000 anti-L.C3 (Cell Signaling Technology)

1:2000 anti-rabbit IgG-HRP

1:2000 anti-Atg7 (Cell Signaling Technology)

1:2000 anti-rabbit IgG-HRP

1:1000 anti-VPS34 (Cell Signaling Technology)

1:2000 anti-rabbit IgG-HRP

1:2000 anti-p110 B (Cell Signaling

Technology)

1:2000 anti-rabbit IgG-HRP

1:15000 anti-Actin (Sigma-Aldrich)

1:2000 anti-rabbit IgG-HRP
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2.1.4.2.  Antibodies for Enzyme-Linked Immunoabsorbent Assay (ELISA)

All antibodies for ELISA were purchased from R&D Systems (Abingdon, UK) in a

lyophilised form and resuspended, as per manufacturer’s recommendations.

Table2.5  Antibodies for ELISA used in this project.

Cytokine | ELISA Antibody Antibody Isotype
detection limit | function concentration
- Capture 1.5 pg/ml Mouse 19G;
NS 78.1pg/m Detection 80 ng/ml Biotinylated goat 19G
Capture 2 pug/ml Mouse 19G;
CCL5 312.5 pg/mi n —
Pg Detection 20 ng/ml Biotinylated goat 19G
Capture 2.8 pg/ml Mouse 19G;
CXCL10 125 pg/mi - —
P9 Detection 0.28 pg/ml Biotinylated goat 1gG
Capture 1 pg/ml Mouse 1gG
IL-6 39.1 pg/ml il He e
Detection 50 ng/ml Biotinylated goat 19G

2.1.5. DNA oligonucleotides

2.1.5.1.  Primers and probes for Real-time PCR

Real-time PCR primer-probe set specific for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was obtained from Applied Biosystems (Cat. Number: Hs00182082_m1) in a pre-
mixed, solution form. The other primers and probes used were from Sigma-Aldrich (Table 2.
6) obtained in a dry pellet form; and were resuspended using nuclease-free water at a stock
concentration of 100 pM and stored at -20°C. Primer and probe working stocks were
prepared by diluting to 5 UM in nuclease-free water and stored at -20°C. Each probe contains
the FAM fluorescent dye and the TAMRA quencher.

Table2.6  TagMan Real-time PCR primers and probes purchased from Sigma-
Aldrich.

Name Sequence (5°-3’)

18S forward CGCCGCTAGAGGTGAAATTCT
18S reverse CATTCTTGGCAAATGCTTTCG
18S probe ACCGGCGCAAGACGGACCAGA
IFNp forward CGCCGCATTGACCATCTA
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IFNB reverse

TTAGCCAGGAGGTTCTCAACAATAGTCTCA

IFNP probe TCAGACAAGATTCATCTAGCACTGGCTGGA
Rhinovirus forward GTGAAGAGCCSCRTGTGCT
Rhinovirus reverse GCTSCAGGGTTAAGGTTAGCC

Rhinovirus probe

TGAGTCCTCCGGCCCCTGAATG

2.15.2.

Primers for end-point PCR

PCR primers used in this study (Table 2. 7) were designed using Primer3 software (available

online at http://frodo.wi.mit.edu/primer3/). Genomic and mRNA sequences of the target gene

were obtained from NCBI Nucleotide database. The newly-designed primer sequences were

run on the NCBI BLAST database to confirm the species-specificity (i.e. human) of the

primer. With an exception of GAPDH primers (Eurogentec), all PCR primers were purchased

from Sigma-Aldrich in a dry pellet form. Primers were resuspended using nuclease-free water

at a stock concentration of 100 uM and stored in 20 pl aliquots at -20°C. GAPDH primers

were purchased from Eurogentec in a liquid form.

Table2.7  End-point PCR primers used in this project.

Name Sequence (5°-3°) ?err:;aelggu re Product size
TLR3 forward | AGTGCCCCCTTTGAACTCTT 60.0°C 544 bp
TLR3 reverse GCCAGTTCAAGATGCAGTGA '

TLR7 forward | ACTCCTTGGGGCTAGATGGT 60.0°C 358 bp
TLRY7 reverse GTAGGGACGGCTGTGACATT

TLR8 forward | TCCTTCAGTCGTCAATGCTG 60.0°C 660 bp
TLRS8 reverse GTAGGGAGCTTGGCAGTTTG

RIG-I forward | TGCACGAATGAAAGATGCTC 60.0°C 451 bp
RIG-I reverse TGCAATGTCAATGCCTTCAT

MDA-5 forward | CTGCTGCAGAAAACAATGGA 60.0°C 614 bp
MDA-5 reverse | TCCAGGCTCAGATGCTTTTT

MAVS forward | CCTACCACCTTGATGCCTGT 60.0°C 504 bp
MAVS reverse | AAAGGTGCCCTCGGACTTAT

IRF1 forward TGGCTGGGACATCAACAAGG 64.0°C 168 bp
IRF1 reverse TTCCTGCTCTGGTCTTTCACCTCC

IRF3 forward CAAGAGGCTCGTGATGGTCAAG 675°C 124 bp
IRF3 reverse TGGGTGGCTGTTGGAAATGTG

IRF7 forward TCGTGATGCTGCGGGATAAC 67.5°C 176 bp
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IRF7 reverse ATGTGTGTGTGCCAGGAATGG

GAPDH
ACTTTGGTATCGTGGAAGGAC
forward 50°C 420 bp

GAPDH reverse | TGGTCGTTGAGGGCAATG

2.2. Maintenance of cell lines
2.2.1. BEAS-2B cell line

The immortalised human bronchial epithelial cell line BEAS-2B (American Type Culture
Collection [ATCC], LGC Standards, Teddington, UK) were maintained in 75 cm? flasks
(Nunc™, Roskilde, Denmark) in RPMI 1640 complete media (Table 2.1). Cells were
passaged when they reached ~95% confluency. The old culture media was removed and the
flask washed once with 10 ml of phosphate buffered saline (PBS) (Invitrogen or Lonza), 2 ml
of cell dissociation solution (CDS) (Sigma-Aldrich) was placed into the flask and incubated
in a humidified incubator at 37°C with 5% CO;for 5 minutes (min) until the cell monolayer
detached from the flask surface. Once cells had detached the CDS was deactivated by
addition of 8 ml of cell culture media. Cells were counted using a haemocytometer and sub-
cultured into a new flask at the desired density. Cells were grown in a humidified incubator at
37°C with 5% CO..

2.2.2. MRC-5 cell line

The immortalised human lung fibroblast cell line MRC-5 cells (American Type Culture
Collection [ATCC], LGC Standards, Teddington, UK) were maintained in 75 cm? flasks in
MEM complete media (Table 2.1). Cells were passaged when they reached ~95%
confluency. The old culture media was removed and the flask washed once with 10 ml of
PBS. 2 ml of trypsin-EDTA (TE) (Invitrogen) was added into the flask and incubated in a
humidified incubator at 37°C with 5% CO, for 5 min until the cell monolayer detached from
the flask surface. Once cells had detached the TE was deactivated by addition of 8 ml of cell
culture media. Cells were counted using a haemocytometer and sub-cultured into a new flask

at the desired density. Cells were grown in a humidified incubator at 37°C with 5% CO,.
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2.3. Maintenance of primary cells
2.3.1. Human bronchial epithelial cells (HBECS)

Primary Human Bronchial Epithelial Cells (HBECs) were purchased from PromocCell
(Heidelberg, Germany) who isolated the cells from normal human adult tissue. The cells were
maintained in 75 cm? flasks (Nunc™, Roskilde, Denmark) in BEGM complete media (Table
2. 1) and grown in a humidified incubator at 37°C with 5% CO,. Media was replaced every
2-3 days and cells were passaged every 7-12 days using the PromoCell Detach Kit
(Heidelberg, Germany). Once resuscitated, cells were given the passage number 1 and were
typically cultured and used in experiments until passage 6, beyond which point cell growth

rate and transfection efficiency was reduced and cells were no longer used.
2.3.2. Human lung fibroblasts (HLFs)

Primary Human Lung Fibroblasts (HLFs) were purchased from PromoCell (Heidelberg,
Germany) who isolated the cells from normal human adult tissue. The cells were maintained
in 75 cm? flasks (Nunc™, Roskilde, Denmark) in LFGM complete media (Table 2. 1) and
grown in a humidified incubator at 37°C with 5% CO,. Media was replaced every 2-3 days
an