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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 PI3K-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. It 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-I, 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 IFNs), 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-1β 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 Bec1, LC3, Atg7, or the autophagy-specific class III 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 I 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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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.  
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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 β2-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-α), interleukin-1 beta (IL-1β) 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)-β 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-β (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-1β)  

IL-1β 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-1β 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-1β antagonists, namely IL-1 receptor antagonist (IL-

1RA) and IL-1 soluble receptor 2 (IL-1sRII) (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-1β compared with epithelial cells from normal 

controls (Rusznak et al., 2000). IL-1β is also released by monocytes (Morris et al., 2005, 

Morris et al., 2006).  
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IL-1β has been shown to significantly increase the secretion of CXCL8 from alveolar 

macrophages taken from patients with COPD (Culpitt et al., 2003). IL-1β also triggers the 

recruitment of circulating monocytes and neutrophils (Rider et al., 2011). Using IL-1β-

overexpressed transgenic mice, Lappalainen and colleagues showed that IL-1β plays a 

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

A humanised IL-1β 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 (CXCL8)  

CXCL8, previously known as interleukin-8 (IL-8), was the first chemokine to be identified in 

COPD (Keatings et al., 1996). CXCL8 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 CXCL8, 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 (Tc1) 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 Tc1 cells. Epithelial cells and 

macrophages also produce tumour necrosis factor-α (TNF-α), interleukin-1 beta (IL-1β) 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-β) 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   
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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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Figure 1. 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-1β), CXC-chemokine ligand (CXCL) 8, tumour necrosis factor-α (TNF-α) and CC-

chemokine ligand (CCL) 3) as well as interferons (IFNs) (including IFN-α, IFN-β and IFN-γ). 

Some of these cytokines such as CXCL8 and TNF-α 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-α, transforming growth factor-α; CXCL, CXC-chemokine ligand] 

 

[Adapted from (Jackson and Johnston, 2010)] 
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production of the important antiviral cytokine, interferon (IFN) -β (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-I)-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 ssRNA 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 

MDA5, but not RIG-I (see Section 1.4.2 for RLRs). The authors claimed that although RV is 

an ssRNA virus, its presence is detected via its dsRNA 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 I 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 ssRNA 

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-I (RIG-I)-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-I), melanoma differentiation associated gene 5 

(MDA5) 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 dsRNA analogue such as polyinosinic:polycytidylic acid (poly I:C), consequently 

inducing the production of type I 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 dsRNAs determine 

their differential recognition by RIG-I and MDA5. They discovered that a relatively long 

poly I:C ( > 1 kbp) was selectively detected by MDA5, 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-I but 

not for MDA5 (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 MDA5 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 dsRNA by RIG-I 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, MDA5 plays a crucial role in detecting picornaviruses. Again, although 

picornaviruses are ssRNA viruses, they are known to synthesise long replication intermediate 

dsRNAs, thus allowing MDA5 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 I 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-β). 

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-1β (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 I 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-1β 

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-β-activated kinase 1 (TAK1). TAK1 binds and activates the 

inhibitory κB (IκB) kinase (IKK) complex that subsequently phosphorylates the NF-κB 

binding protein IκBα/β. The phosphorylated IKBα/β is then targeted by ubiquitin-mediated 

proteasome degradation, making the transcription factor NF-κB free to translocate from the 

cytoplasm to the nucleus and consequently initiate transcription of proinflammatory cytokine 

genes such as CXCL8. 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).  

  



42 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 5 TLR/IL-1R signalling pathways activated following recognitions of IL-

1β 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 IκBα/β, an NF-κB inhibitory protein. Phosphorylated 

IκBα/β is then degraded, making the transcription factor complex NF-κB free to translocate from 

the cytosol to the nucleus and consequently initiates transcription of proinflammatory cytokine 

genes such as CXCL8. 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-κB and MAPK pathways responsible for expression of 

proinflammatory cytokines genes. TRIF also interacts with TRAF3, which then activates 

TBK1/IKKε resulting in the activation of transcription factor IRF3. Activated IRF3 translocates 

into the nucleus to induce transcription of type I IFNs such as IFN-β. (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/IKKε. The activated TBK1/IKKε then 

phosphorylates IRF3, and the activated IRF3 in turn translocates into the nucleus to induce 

transcription of type I IFNs such as IFN-β. TRIF also interacts with TRAF6 and receptor-

interacting protein 1 (RIP1), which leads to the activation of the transcription factors NF-κB 

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 I IFNs. Since RV is thought to be 

exclusively recognised by MDA5 (Section 1.4.1.1 & 1.4.2), the RLR-signalling pathways 

activated upon detection of RV long dsRNA by MDA5 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, 

MDA5 interacts with mitochondrial antiviral signalling (MAVS) protein through homophilic 

interactions between caspase recruitment domains (CARDs), which are ATP-dependent. 

MAVS then activates TRAF3 and TNF receptor-associated death domain (TRADD). 

Activated TRAF3 recruits NF-κB-activating kinase (NAK)-associated protein 1 

(NAP1)/SINTBAD eventually leading to activation of TBK1 and IKKε. The TBK1/IKKε 

then phosphorylates IRF3 and IRF7, and the phosphorylated IRF3 and IRF7 in turn 

translocate to the nucleus to initiate transcription of type I 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-κB allowing translocation of NF-κB 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 MDA5.   

MDA5 detects cytoplasmic viral dsRNA via positively charged CTD. Upon detection of the 

dsRNA, MDA5 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/IKKε. The TBK1/IKKε then phosphorylates IRF3 and IRF7, and the phosphorylated IRF3 

and IRF7 in turn translocate to the nucleus to initiate transcription of type I 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-κB allowing 

translocation of NF-κB from the cytosol to the nucleus to subsequently induce proinflammatory 

cytokine production.  (See List of Abbreviations for the abbreviations used in this figure legend.) 

 

[Information collected from (Takeuchi and Akira, 2010, Yoneyama and Fujita, 2010)] 
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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 ssRNA 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, II and III); classified based on their structural features, receptor usage 

and biological functions. Type I IFNs include IFN-α and IFN-β, type II IFN is represented by 

a single gene product, IFN-γ; and the more recently discovered type III IFNs include IFN-λ1, 

IFN- λ2 and IFN-λ3 (reviewed in Trinchieri, 2010). Whilst types I and III IFNs play crucial 

roles in antiviral immunity, studies have shown that IFN-γ (the sole type II 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 I 

and type III IFNs which exhibit potent antiviral activities are summarised below.  

1.7.1.1. Type I 

Among all types of IFNs, type I IFNs are the best characterised, and play important roles in 

antiviral innate immunity. In humans, the type I IFN family consists of 16 members; namely 

12 IFN-α subtypes, IFN-β, IFN-ε, IFN-κ and IFN-ω (reviewed in Gonzalez-Navajas et al., 

2012). Of all the members of type I IFN family, IFN-α and IFN-β are the best studied and 

most widely expressed (reviewed in Trinchieri, 2010). Of relevance to the current study, type 

I IFNs such as IFN-β and IFN-α 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. Type III 

The type III IFN family was only discovered in 2003, and includes IFN-λ1, IFN-λ2 and IFN-

λ3 (Kotenko et al., 2003, Sheppard et al., 2003). Type III IFNs are induced in virally infected 

cells by mechanisms similar to those for type I IFNs (reviewed in Honda et al., 2006). 

Although the signalling pathways triggered downstream of type I and type III 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 (ISGs) 

Upon viral infection, type I (IFN-α and IFN-β) and type III (IFN-λ) IFNs are produced by the 

virally-infected cells. The newly secreted type I and type III 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-α and IFN-β bind to a heterodimeric 

IFN-α/β receptor (IFNAR) composed of two chains, IFNAR1 and IFNAR2. IFN-λs bind to 

an unrelated receptor consisting of IFN-λ 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 ISGs (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-β to IFNAR which leads to 

induction of ISGs in response to RV infection. The main ISGs studied within this thesis (i.e. 

CCL5 and CXCL10) are described below. 

1.7.2.1. CCL5 

CCL5, 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).  

1.7.2.2. CXCL10 

CXCL10, previously known as IFN-γ-induced protein of 10kDa (IP-10), is another ISG 

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) MDA5- 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-β-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 III phosphoinositide 3-kinase (PI3K) complex. This class III PI3K complex, which 

is composed of several proteins including Beclin-1, class III PI3K, phosphoinositide 3-kinase 

regulatory subunit 4 (PIK3R4), Atg14, and activating molecule in Beclin-1-regulated 

autophagy protein 1 (AMBRA1) 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, Atg12 is conjugated to Atg5. The 

resulting Atg5-Atg12 complex then forms a complex with Atg16L, 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-I and LC3-II. The protease Atg4 cleaves the 

precursor form of LC3 to generate the LC3-I form, which has an exposed lipid conjugation 

site at the C-terminal glycine residue. LC3-I can be conjugated with the cellular lipid 

phosphatidylethanolamine (PE) by Atg7, Atg3 and the Atg5-Atg12-Atg16L complex to form 

LC3-II. The newly formed LC3-II is then incorporated into both cytoplasmic and luminal 

faces of the growing autophagosome. In mammals, the conversion of LC3-I (the free form) to 

LC3-II (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 III phosphoinositide 3-kinase (PI3K) complex composed of Beclin-1, class III PI3K, 

phosphoinositide 3-kinase regulatory subunit 4 (PIK3R4), Atg14, and activating molecule in 

Beclin-1-regulated autophagy protein 1 (AMBRA1) is also involved in the phagophore formation. 

The Atg5-Atg12-Atg16L complex and LC3-II 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-I and MDA5) 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-α 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-α 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 kidney fibroblasts infected with 

coxsackie virus B3 (CVB3) (Gorbea et al., 2010). More recently, Zhou et al. have shown that 

TLR7-dependent IFN-α 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 (PI3K) 

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, 

PtdIns4phosphate (PtdIns4P) and PtdIns4,5bisphosphate (PtdIns(4,5)P2) (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/Akt 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, II and III; based upon structural characteristics and lipid 

substrate specificities (See Figure 1.9). Class I PI3Ks can phosphorylate PtdIns, PtdIns4P and 

PtdIns(4,5)P2. Class II PI3Ks preferentially phosphorylate PtdIns and PtdIns4P, whilst class 

III PI3Ks can only phosphorylate PtdIns (reviewed in Vanhaesebroeck et al., 2010, 

Okkenhaug, 2013).  

 

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

class I 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 I PI3K isoforms are subdivided into class IA and class IB depending upon which 

regulatory subunit they employ. The class IA PI3Ks (p110α, p110β and p110δ) bind the p85 

type of regulatory subunit, whilst the class IB PI3K (p110γ) binds one of two related 

regulatory subunits, p101 and p87 (See Figure 1.9). Unlike class II and III, all class I PI3Ks 

can phosphorylate PtdIns(4,5)P2, which is converted to PtdIns(3,4,5)P3 (reviewed in 

Okkenhaug, 2013, Troutman et al., 2012).  

 

Compared to the other classes of PI3Ks, class II PI3Ks are the least understood. There are 

three isoforms of class II PI3Ks in mammals: C2α, C2β, andC2γ (See Figure 1.9). It is well 

accepted that class II PI3Ks can phosphorylate PtdIns and PtdIns4P to the corresponding 3-

phosphoinositide lipids. However, whether class II PI3Ks are capable of phosphorylating 

PtdIns(4,5)P2 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-C2α could alter its substrate specificity, by which it could also 

convert PtdIns(4,5)P2 to PtdIns(3,4,5)P3; apart from synthesising PtdIns(4,5)P2  from its 

common substrate PtdIns4P (Gaidarov et al., 2001). However, the exact mechanism of 

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

Class III PI3K has only one member, namely, vacuolar protein sorting 34 (Vps34). The 

protein kinase Vps15, which forms a complex with Vps34, 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 I and II PI3Ks, 

the class III 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 II, but not class III PI3Ks, also contain a Ras-binding (Ras-b) 

domain at their N terminal. Class I PI3Ks are subdivided into a class IA group (p110α, p110β and 

p110δ), which bind the p85 type of regulatory subunit, and a class 1B group (p110γ), 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 II 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 III PI3K has only one catalytic member, Vps34 which 

forms a complex with a serine/threonine kinase, Vps15. (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 I PI3Ks can phosphorylate PtdIns(4,5)P2 

generating PtdIns(3,4,5)P3. Increased concentrations of PtdIns(3,4,5)P3 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 (HEK293), following stimulation 

with poly(I:C) (Sarkar et al., 2004). In contrast, a study done by Aksoy et al. demonstrated 

that treatment with LY294002 or wortmannin enhanced the TLR3-dependent NF-κB 

activation and IFN-β synthesis, in human DCs and HEK293 cells, in response to poly(I: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-κB and subsequent IL-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 IL-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 p85α-deficient mice secreted higher levels of proinflammatory 

cytokines IL-12, IFN-γ and TNF-α 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 Akt1-deficient mice had increased LPS-induced production of the 

proinflammatory cytokines IL-6, TNF-α and IL-17 (Androulidaki et al., 2009). In contrast, 

Yum and colleagues have shown that lung neutrophils obtained from p110γ-deficient mice 

exhibited reduced levels of NF-κB activation and the subsequent production of the 

proinflammatory cytokines IL-1β and TNF-α, in response to LPS (Yum et al., 2001). 

Additionally, Rhee et al. demonstrated that the non-transformed human colonic epithelial 

NCM460 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. A role 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 III 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 Atg13 (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 Atg14. The phosphorylation of Atg14 impedes PtdIns4P generation by the 

Atg14-containing class III 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 

cell infection 

media 

RPMI 1640 containing 2 mM L-glutamine (Invitrogen), 2% 

low endotoxin fetal calf serum (FCS)* (PromoCell, 

Heidelberg, Germany), 100 U/ml penicillin, 100 µg/ml 

streptomycin (Invitrogen, Paisley, UK). 

BEAS-2B 

cell infection 

BEGM 

complete 

media 

Bronchial Epithelial Basal Media (BEBM) (PromoCell, 

Heidelberg, Germany) with Bronchial Epithelial Growth 

Media (BEGM) single quot additives (PromoCell, Heidelberg, 

Germany) 

HBEC 

culture 

BEGM 

single quot 

additives 

0.004 ml/ml bovine pituitary extract, 10 ng/ml recombinant 

human epidermal growth factor, 5 µg/ml recombinant human 

insulin, 0.5 µg/ml hydrocortisone, 0.5 µg/ml adrenaline, 6.7 

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

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

Germany) 

HBEC 

culture 

HeLa Ohio 

cell infection 

media 

DMEM containing 2mM L-glutamine (Invitrogen), 2% low 

endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml 

penicillin, 100 µg/ml streptomycin (Invitrogen), 2% 1M 

HEPES (Invitrogen), 1% sodium bicarbonate (Invitrogen) 

HeLa Ohio 

cell infection 

HBEC 

infection 

media 

BEBM (PromoCell, Heidelberg, Germany) HBEC 

infection 

HLF 

infection 

media 

Lung Fibroblast Basal Media (LFBM) (PromoCell, 

Heidelberg, Germany) 

HLF 

infection 

IPFF 

complete 

media 

DMEM containing 2mM L-glutamine (Invitrogen), 15% low 

endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml 

penicillin, 100 µg/ml streptomycin (Invitrogen) 

IPFF culture 

IPFF 

infection 

media 

DMEM containing 2mM L-glutamine (Invitrogen), 2% low 

endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml 

penicillin, 100 µg/ml streptomycin (Invitrogen) 

IPFF 

infection 

LFGM 

complete 

media 

LFBM (PromoCell, Heidelberg, Germany) with Lung 

Fibroblast Growth Media (LFGM) single quot additives 

(PromoCell, Heidelberg, Germany) 

HLF culture 

LFGM 

single quot 

additives 

0.02 ml/ml FCS, 1 ng/ml recombinant human fibroblast 

growth factor, 5 µg/ml recombinant human insulin (all from 

PromoCell, Heidelberg, Germany) 

HLF culture 

MEM 

complete 

MEM containing 2mM L-glutamine (Sigma-Aldrich), 10% 

low endotoxin FCS (PromoCell, Heidelberg, Germany), 100 

MRC-5 cell 

culture 
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media U/ml penicillin, 100 µg/ml streptomycin (Invitrogen, Paisley, 

UK). 

MRC-5 cell 

infection 

media 

MEM containing 2mM L-glutamine (Sigma), 2% low 

endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml 

penicillin, 100 µg/ml streptomycin (Invitrogen, Paisley, UK). 

MRC-5 cell 

infection 

RPMI 1640 

complete 

media 

RPMI 1640 containing 2mM L-glutamine (Sigma), 10% low 

endotoxin FCS (PromoCell, Heidelberg, Germany), 100 U/ml 

penicillin, 100 µg/ml streptomycin (Invitrogen, Paisley, UK). 

BEAS-2B 

cell culture 

 

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

(EU)/ml.  

 

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 

Dithiothreitol (DTT), 20% glycerol, 62.5mM 

Tris-HCL (pH 6.8), 0.004% bromophenol 

blue 

Western blot 

Agarose Agarose molecular grade powder (National 

Diagnostics, UK) 

Agarose gel 

electrophoresis 

ELISA coating buffer  

(pH 7.2-7.4) 

0.14M NaCl, 2.7mM KCl, 1.5mM KH2PO4, 

8.1mM Na2HPO4  
ELISA 

ELISA wash buffer (pH 

7.2)  

0.5M NaCl, 2.5mM NaH2PO4, 7.5mM 

Na2HPO4, 0.1% TWEEN-20, pH to 7.2 with 

NaOH 

ELISA 

Phosphatase lysis 

buffer 

50mM Tris Base, 50mM NaF, 50mM β-

glycerophosphate, 10mM sodium 

orthovanadate, 1% Triton X-100, 1mM 

PMSF, 1:100 Protease inhibitor cocktail III 

(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%) 
0.125M 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 

Table 2. 3 Commercially available kits used in this study listed in alphabetical order. 

Name Components 

 

Application Supplier 

DNA-free
TM

 10X DNase I Buffer, rDNase I, DNase 

Inactivation Reagent 

Genomic DNA 

removal 

Ambion 

High-Capacity 

cDNA Reverse 

Transcription 

Kit 

10X RT Buffer, 25X dNTP Mix 

(100mM), 10X RT Random Primers, 

MultiScribe
TM

 Reverse Transcriptase, 

RNase Inhibitor, nuclease-free water 

cDNA 

synthesis 

Applied 

Biosystems 

RNeasy Mini Kit 

Buffer RLT, Buffer RW1, Buffer RPE, 

RNase-free water, QIAshredder spin 

columns, RNeasy spin columns, 2ml and 

1.5ml collection tubes  

Total RNA 

extraction 
Qiagen 

Refer to manufacturers’ component formulations for detailed component composition. 

 

2.1.4. Antibodies 

2.1.4.1. Antibodies for western blot 

Table 2. 4 Antibodies for western blot used in this project.  

Primary; (Supplier) Secondary (All from Cell Signaling 

Technology) 

1:2000 anti-Beclin-1 (Abcam) 1:2000 anti-mouse IgG-HRP 

1:2000 anti-LC3 (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-p110β(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. 

Table 2. 5 Antibodies for ELISA used in this project. 

Cytokine ELISA 

detection limit 

Antibody 

function 

Antibody 

concentration 

Isotype 

 CXCL8 78.1 pg/ml 
Capture  1.5 μg/ml Mouse IgG1 

Detection  80 ng/ml Biotinylated goat IgG 

CCL5 312.5 pg/ml 
Capture  2 μg/ml Mouse IgG1 

Detection  20 ng/ml Biotinylated goat IgG 

CXCL10 125 pg/ml 
Capture  2.8 μg/ml Mouse IgG1 

Detection  0.28 μg/ml Biotinylated goat IgG 

IL-6 39.1 pg/ml 
Capture  1 μg/ml Mouse IgG1 

Detection  50 ng/ml Biotinylated goat IgG 

 

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 µM and stored at -20°C. Primer and probe working stocks were 

prepared by diluting to 5 µM in nuclease-free water and stored at -20°C. Each probe contains 

the FAM fluorescent dye and the TAMRA quencher.  

 

Table 2. 6 TaqMan Real-time PCR primers and probes purchased from Sigma-

Aldrich.  

Name Sequence (5’-3’) 

18S forward CGCCGCTAGAGGTGAAATTCT 

18S reverse CATTCTTGGCAAATGCTTTCG 

18S probe ACCGGCGCAAGACGGACCAGA 

IFNβ forward CGCCGCATTGACCATCTA 
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IFNβ reverse TTAGCCAGGAGGTTCTCAACAATAGTCTCA 

IFNβ probe TCAGACAAGATTCATCTAGCACTGGCTGGA 

Rhinovirus forward GTGAAGAGCCSCRTGTGCT 

Rhinovirus reverse GCTSCAGGGTTAAGGTTAGCC 

Rhinovirus probe TGAGTCCTCCGGCCCCTGAATG 

 

2.1.5.2. 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 µM and stored in 20 µl aliquots at -20°C. GAPDH primers 

were purchased from Eurogentec in a liquid form.  

 

Table 2. 7 End-point PCR primers used in this project.  

Name Sequence (5’-3’) 
Annealing 

Temperature 
Product size  

TLR3 forward AGTGCCCCCTTTGAACTCTT 
60.0°C 544 bp 

TLR3 reverse GCCAGTTCAAGATGCAGTGA 

TLR7 forward ACTCCTTGGGGCTAGATGGT 
60.0°C 358 bp 

TLR7 reverse GTAGGGACGGCTGTGACATT 

TLR8 forward TCCTTCAGTCGTCAATGCTG 
60.0°C 660 bp 

TLR8 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 
67.5°C 124 bp 

IRF3 reverse TGGGTGGCTGTTGGAAATGTG 

IRF7 forward TCGTGATGCTGCGGGATAAC 67.5°C 176 bp 

http://frodo.wi.mit.edu/primer3/
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IRF7 reverse ATGTGTGTGTGCCAGGAATGG 

GAPDH 

forward 
ACTTTGGTATCGTGGAAGGAC 

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
2
 flasks 

(Nunc
TM

, 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% CO2 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% CO2. 

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
2
 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% CO2 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% CO2. 
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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 PromoCell 

(Heidelberg, Germany) who isolated the cells from normal human adult tissue. The cells were 

maintained in 75 cm
2
 flasks (Nunc

TM
, Roskilde, Denmark) in BEGM complete media (Table 

2. 1) and grown in a humidified incubator at 37°C with 5% CO2. 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
2
 flasks (Nunc

TM
, Roskilde, Denmark) in LFGM complete media (Table 2. 1) and 

grown in a humidified incubator at 37°C with 5% CO2. Media was replaced every 2-3 days 

and cells were passaged every 5-9 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 was 

reduced and cells were no longer used.  

2.3.3. Idiopathic Pulmonary Fibrosis patient fibroblasts (IPFFs) 

Primary Idiopathic Pulmonary Fibrosis patient fibroblasts (IPFFs) were a kind gift from Prof. 

C.M. Hogaboam, University of Michigan Medical School, USA. The IPFFs were obtained 

following lung biopsies from patients with idiopathic pulmonary fibrosis (IPF) (slow and 

rapid progressors). The cells were maintained in 75 cm
2
 flasks (Nunc

TM
, Roskilde, Denmark) 

in IPFF complete media (Table 2. 1) and grown in a humidified incubator at 37°C with 5% 

CO2. Media was replaced every 2-3 days and cells were passaged every 5-9 days using 

trypsin-EDTA (Invitrogen). 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 was reduced and cells were no longer used. Note that several experiments 
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involving the use of IPFFs were performed with the assistance of our senior laboratory 

technician, Dr Linda Kay.  

 

2.4. Mycoplasma testing 

The mycoplasma testing was performed by the technicians of our research department using 

the following protocol.  

Cell culture media was tested monthly to detect any presence of mycoplasma contamination 

using the EZ-PCR mycoplasma test kit, which amplifies specific DNA by PCR (Geneflow, 

Staffordshire, UK). The test was performed according to the manufacturer’s instructions.  

 

2.5. Stimulation of cells with synthetic TLR agonists and cytokines 

Cells were grown to ~95% confluence in 12-well plates. At the time of stimulation, cells 

were washed with media, and stimulated with TLR agonists: poly(I:C) (TLR3) (Invivogen, 

Toulouse, France), LPS from Escherichia coli serotype R515 (TLR4) (Alexis, Nottingham, 

UK), and/or cytokines: IL-1β, IL-6, TNF-α, IFN-β (cytokines from PeproTech EC, London, 

UK) at the indicated concentrations. Cells were incubated in a humidified 37°C incubator 

with 5% CO2 for the required time (see individual experiments). Cell lysates or cell-free 

supernatants were harvested and stored at -80°C until required. 

 

2.6. Viral culture 

2.6.1. Culture of human rhinovirus (RV) stocks 

Human rhinovirus (RV) stocks were prepared by members of the research group using the 

following protocol.  

Human RV minor group serotype 1B (RV-1B) and major group serotype 16 (RV-16) were 

propagated in HeLa Ohio cell (European Collection of Cell Cultures [ECACC], Sigma-

Aldrich, Paisley, UK) monolayers in 175 cm
2
 flasks (Nunc

TM
). Cells were washed twice with 

10 ml of HeLa Ohio cell infection media (Table 2.1) and 5 ml of virus stock added to cells 

with 7.5 ml of infection media. Flasks were gently agitated for 1 hour (h) at room 
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temperature, 12.5 ml of infection media was then added and incubated in a humidified 

incubator at 37°C with 5% CO2 overnight or until approximately 90% cytopathic effect was 

observed. Flasks were placed in the freezer overnight at -80°C, allowed to defrost and then 

refrozen at -80°C for at least 1 h (x2) to ensure complete lysis of the HeLa Ohio cells. Cells 

were pooled and centrifuged at 1500 x g for 15 min to pellet cell debris. The resulting RV 

inoculum was decanted and filtered through a 0.2 µm filter (Millipore, Cork, Ireland) and 

then aliquoted and stored at -80°C. The 50% tissue culture infective dose (TCID50)/ml values 

were determined via viral cytopathic effect (CPE) assay (Section 2.5.2). Neutralisation using 

serotype-specific antiserum was carried out to confirm RV-1B (ATCC® VR-1111AS-GP™) 

and RV16 (ATCC® VR-1126AS/GP™) identities. 

2.6.2. Quantification of RV titers by viral cytopathic effect (CPE) assay 

The quantification of RV titers was carried out by members of the research group using the 

following protocol.  

50 µl of undiluted RV inoculum, or 50 µl of 10-fold dilutions (up to 10
-9

) of the RV 

inoculum, were added to eight replicate wells of a 96-well plate (Nunc
TM

). HeLa Ohio cells 

were split, resuspended in HeLa Ohio cell infection media (Table 2.1), counted and further 

diluted in infection media to give 1x10
5
 cells/ml. 150 µl of cells were added to each well, and 

the plate incubated in a humidified 37°C incubator with 5% CO2 for 4 days. Viral cytopathic 

effect (CPE) was determined using light microscopy and infected wells were counted at Day 

4. TCID50/ml value was determined by scoring the sum of positive wells and using the 

Spearman-Karber formula.  

2.6.3. RV infection of BEAS-2B cells, MRC-5 cells, HBECs, HLFs or IPFFs  

BEAS-2B cells, MRC-5 cells, HBECs, HLFs or IPFFs were grown to ~95% confluence in 

12-well plates. Cells were serum-starved overnight in their respective cell infection media 

(Table 2.1) prior to infection. Cells were infected with RV at the indicated TCID50/ml for 1 h 

at room temperature with gentle agitation (80rpm). Filtrate control was obtained by 

centrifuging viral inocula in 0.2 micron filter tubes (Millipore, Cork, Ireland) at 12000 x g for 

5 min. UV-inactivated RV was obtained by exposing viral inocula to UV light of 1000 

mjoules/cm
2 

for 10 min. Following incubation with RV for 1 h, virus was removed, cells 

were washed twice with media and 1 ml of cell infection media was added to each well. Cells 

were incubated in a humidified 37°C incubator with 5% CO2 for the required time (see 



71 

 

individual experiments), after which cell lysates or cell-free supernatants were harvested and 

stored at -80°C until required. 

 

2.7. Isolation of primary human peripheral blood monocytes 

2.7.1. Preparation of Peripheral Blood Mononuclear Cells (PBMCs) 

The preparation of PBMCs was performed by members of the research group using the 

following protocol. 

Peripheral venous blood was taken from healthy volunteers, with written informed consent, in 

accordance with a protocol approved by South Sheffield Local Research Ethics Committee. 

PBMCs were separated from granulocytes by Optiprep
TM

 (Axis-Shield, Oslo, Norway) 

density gradient. 

       2.7.1.1.      Cell separation by Optiprep
TM

 (iodixanol) gradient 

(1) Whole blood (35.6 ml) was anticoagulated with 3.8% sodium citrate (4.4 ml), and 

plasma and cells were separated into an upper and lower phase respectively by 

centrifugation at 320 x g for 20 min.  

(2) The plasma upper phase was removed and centrifuged at 1000 x g for 20 min to give 

platelet poor plasma (PPP) required in step 5.  

(3) 6 ml of 6% Dextran T500, a red cell agglutination agent, was added and gently mixed 

with the lower cell phase. The mixture was then made up to 50 ml with 0.9% saline, 

gently mixed, and the air bubbles removed from the top (as this impedes sedimentation) 

before being allowed to sediment for 30 min.  

(4) After 30 min, the upper white cell phase was removed and centrifuged at 221 x g for 6 

minutes to leave a white cell pellet. 

(5) The white cell pellet was re-suspended in 6 ml of Hank’s Balanced Salt Solution (HBSS) 

without calcium and magnesium containing 20% PPP, and 4 ml of OptiPrep
TM

. This cell 

mixture was gently overlaid with 10 ml of 1.095 g/ml OptriPrep
TM

 (8.374 ml HBSS + 

20% PPP and 3 ml OptiPrep
TM

).  

(6) 10 ml of 1.080 g/ml OptiPrep
TM

 (10.435 ml HBSS + 20% PPP and 3 ml OptiPrep
TM

) was 

applied over the 1.095 g/ml layer, and then a final 10 ml of HBSS + 20% PPP was 

applied over this. To prevent mixing of gradient densities it was important to form the 
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gradient in a 50-ml tube by gently tipping the tube at an angle of 30° whilst applying the 

layers with a Pasteur pipette.  

(7) The gradient was centrifuged at 1978 x g for 30 min without a deceleration brake. This 

yielded three populations of cells: a red cell layer below the 1.095 g/ml layer, a PMN 

layer in between the two OptiPrep
TM

 layers and a PBMC layer on top of the 1.080 g/ml 

Optiprep
TM

 layer (below the HBSS) (Figure 2.1). Cells were washed as in Section 

2.7.1.2.  

 

 

 

 

 

 

 

Figure 2. 1 The OptiPrep
TM

 gradient demonstrating separation of cell populations.  

 

                  2.7.1.2.      Cell washes 

The PBMCs were resuspended in 10 ml of HBSS + 20% PPP and centrifuged at 511 x g for 6 

min. The pellet was then resuspended in RPMI 1640 with 10% low endotoxin FCS and 1% 

penicillin (100 U/ml) and streptomycin (100 µg/ml).  

2.7.2. Negative magnetic selection to obtain purified monocytes 

The preparation of highly purified monocytes was performed by other members of the 

research group using the following protocol.  

Monocytes were further purified from PBMCs by negative magnetic selection using the 

Monocyte Isolation Kit II (Miltenyi Biotec, Audurn, CA, USA) as per manufacturer’s 

instructions. Monocytes were isolated by depletion of non-monocytes (e.g. T and B cells, red 

blood cells, granulocytes and natural killer cells). Non-monocytes were labelled with a 

cocktail of biotin-conjugated monoclonal antibodies (monoclonal antibodies against CD3, 

HBSS 

1.080 

1.095 

Red Blood Cells 

Polymorphonuclear 

(PMN) cells 

 

 

Peripheral Blood 

Mononuclear Cells 

(PBMCs) 
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CD7, CD16, CD19, CD56, CD123 and Glycophorin A) as primary labelling reagent, and 

anti-biotin monoclonal antibodies conjugated to MicroBeads
TM

 as a secondary labelling 

reagent. The magnetically labelled non-monocytes were depleted through retention on a 

MACS Column in the magnetic field of a MACS separator, whilst the unlabelled monocytes 

passed through the column. 

2.7.3. Treatment of BEAS-2B cells/monocytes cocultures with RV-1B and/or 

LPS 

BEAS-2B cells were grown to ~95% confluence in 12-well plates. Cells were infected with 

RV-1B as described in Section 2.6.3, and/or stimulated with LPS (0.1 ng/ml). BEAS-

2B/monocyte cocultures were created through the addition of 9500 highly purified CD14
+ 

monocytes per well (Section 2.7.2) to the BEAS-2B monolayers, giving a ratio of ~1 

monocyte to 5 BEAS-2B cells. Monoculture controls were included in all experiments. The 

final volume in each well was 1 ml. Cells were then incubated in a humidified 37°C incubator 

with 5% CO2 for the required time (see individual experiments). Cell lysates or cell-free 

supernatants were harvested and stored at -80°C until required. 

 

2.8. Treatment of cells with pharmacological PI3K inhibitors 

In indicated experiments, the PI3K inhibitors 3-MA (Sigma-Aldrich), LY294002 

(Calbiochem, Merck Millipore, Darmstadt, Germany), PIK-75 (Cayman Chemical, Ann 

Arbour, MI), TGX-221 (Cayman Chemical), IC87114 (Calbiochem), AS605240 (Cayman 

Chemical), or PI-103 (Cayman Chemical) were used. The inhibitors were added at the time of 

stimulation with cytokines or poly(I:C), or immediately after viral infection, and cells were 

then cultured in a humidified 37°C incubator with 5% CO2 for the required time (see 

individual experiments). Cell lysates or cell-free supernatants were harvested and stored at -

80°C until required. 

 

2.9. Treatment of cells with autophagy inducers or inhibitors 

Cells were grown to ~95% confluence in 12-well plates. At the time of treatment, cells were 

washed with media, and treated with rapamycin, torin2, bafilomycin A1, starvation media, or 
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CSE, alone or in combination; at the indicated concentrations (See Section 2.11.1-3 for 

description of each treatment). Cells were incubated in a humidified 37°C incubator with 5% 

CO2 for the required time (see individual experiments). Cell lysates were harvested and 

stored at -80°C until required. In some experiments, cells were fixed or left to remain alive, 

prior to visualisation of LC3 puncta (a marker of autophagosome formation) by fluorescence 

microscopy (See Section 2.13-15 for details). 

2.9.1. Pharmacological autophagy inducers or inhibitors 

In indicated experiments, pharmacological autophagy inducers rapamycin or torin2 used were 

from Tocris Bioscience, and the pharmacological autophagy inhibitor bafilomycin A1 used 

was from Sigma-Aldrich.  

2.9.2. Nutrient starvation treatment  

For nutrient starvation treatment, cells were cultured in HBSS containing calcium and 

magnesium (Invitrogen). 

2.9.3. Preparation of cigarette smoke extract (CSE) 

The preparation of CSE was carried out with the assistance of a member of our research 

group, Miss Claudia Paiva, using the following protocol. 

Two 3R4F research-grade cigarettes (Tobacco and Health Research Institute, University of 

Kentucky, Lexington) were smoked using a peristaltic pump (Masterflex, USA). The smoke 

was slowly bubbled into 30 ml of sterile complete culture media in a 50-ml tube. Prior to the 

experiments, the filters were cut from the cigarettes. Each cigarette was smoked for 6 min. 

The resulting CSE solution was filtered through a 0.2 µm filter (Millipore, Ireland), 

designated as a 100% CSE solution, and used within 20 min after preparation. For the 

treatment, CSE was diluted in culture media for the required percentage.  

 

2.10. Transient gene knockdown using small interfering RNA (siRNA) 

Beclin-1, light chain 3 (LC3), autophagy-related protein 7 (Atg7), vacuolar protein sorting 34 

(Vps34), p110β, and p110δ were knocked down in BEAS-2B cells or HBECs using a 

Dharmacon small interfering RNA (siRNA) system (Thermo Scientific, Lafayette, Colorado), 
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which utilises a pool of four individual siRNA duplexes to lead to gene silencing. The siRNA 

was delivered into the cells using the lipid-based transfection reagent Lipofectamine
TM

2000 

(Invitrogen). ON-TARGETplus SMARTpool siRNAs were used for targeting Beclin-1, Atg7, 

Vps34, p110β, and p110δ; and siGENOME SMARTpool siRNAs were used for targeting 

LC3A and LC3B. ON-TARGETplus Non-targeting siRNA #2 (D-001810-02) and 

siGENOME Non-targeting siRNA #2 (D-001206-14) were also used accordingly as 

scrambled (scr) controls. The target sequences of each individual siRNA used in this project 

are shown in Table 2.8. 

 

Table 2. 8 Target sequences of each individual siRNA used in this project.  

Target gene 

(Catalogue number) 

Catalogue number 

of each siRNA duplex 

 Target sequence (5’-3’) 

Beclin 1 (L-010552-00) 

J-010552-05 GAUACCGACUUGUUCCUUA 

J-010552-06 GGAACUCACAGCUCCAUUA 

J-010552-07 CUAAGGAGCUGCCGUUAUA 

J-010552-08 GAGAGGAGCCAUUUAUUGA 

Atg7 (L-020112-00) 

J-020112-05 CCAACACACUCGAGUCUUU 

J-020112-06 GAUCUAAACUCAAACUGA 

J-020112-07 GCCCACAGAUGGAGUAGCA 

J-020112-08 GCCAGAGGAUUCAACAUGA 

Vps34 (L-005250-00) 

J-005250-09 CACCAAAGCUCAUCGACAA 

J-005250-10 AUAGAUAGCUCCCAAAUUA 

J-005250-11 GAACAACGGUUUCGCUCUU 

J-005250-12 GAGAUGUACUUGAACGUAA 

 

 

LC3A (M-013579-00) 

D-013579-01 GGACGGCUUCCUCUAUAUG 

D-013579-02 CGGUGAUCAUCGAGCGCUA 

D-013579-03 ACAUGAGCGAGUUGGUCAA 

D-013579-04 CGCCCAUCGCGGACAUCUA 

LC3B (M-012846-01) 

D-012846-01 CAAAGUUCCUUGUACCUGA 

D-012846-02 GAUAAUAGAACGAUACAAG 

D-012846-03 GUAGAAGAUGUCCGACUUA 

D-012846-04 AGGAGACGUUCGGGAUGAA 

p110β (L-003019-00) 

J-003019-10 GGAUUCAGUUGGAGUGAUU 

J-003019-11 GGCGGUGGAUUCACAGAUA 

J-003019-12 GAUUAUGUGUUGCAAGUCA 
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J-003019-13 CCAUAGAGGCUGCCAUAAA 

p110δ (L-006775-00) 

J-006775-09 ACGAUGAGCUGUUCCAGUA 

J-006775-10 CCAAAGACAACAGGCAGUA 

J-006775-11 GCGUGGGCAUCAUCUUUAA 

J-006775-12 CGAGUGAAGUUUAACGAAG 

 

BEAS-2B cells or HBECs were grown to ~70% confluence in 12-well plates. Cells in each 

well were washed twice with PBS, and media replaced with 800 µl of RPMI 1640 

supplemented with 10% FCS but without antibiotics (BEAS-2B cells) or BEBM media 

(HBECs). siRNA (1 μM in Opti-MEM media [Invitrogen]) and lipofectamine (25 μg/ml in 

Opti-MEM media) were equilibrated at room temperature for 5 min, and the two solutions 

were then combined and incubated for a further 20 min. 200 µl of the Lipid-siRNA 

complexes were added to each well (final concentration of each siRNA = 100 nM) and 

incubated for 4 h in a humidified incubator at 37°C with 5% CO2. Cells were then washed 

with PBS before the addition of 1 ml of RPMI 1640 complete media (BEAS-2B) or BEGM 

complete media but without bovine pituitary extract (HBECs) (Table 2. 1) for recovery. Cells 

were incubated in a humidified incubator at 37°C with 5% CO2 for 24 h before being serum-

starved overnight by incubation in infection media (BEAS-2B) (Table 2. 1) or BEBM 

(HBEC), prior to RV infection. Transfection efficiency was determined by measuring protein 

expression of the target genes by western blot.  

 

2.11. Transient transfection with GFP-LC3 expressing plasmids 

The GFP-LC3 expressing plasmid (plasmid #11546, deposited by K. Kirkegaard research 

group, Addgene Inc.) was transfected into BEAS-2B cells using the lipid-based transfection 

reagent Lipofectamine
TM

2000 (Invitrogen). BEAS-2B cells were grown to ~70% confluence 

on glass cover slips placed in 6-well plates (for fixed-cell imaging) or 35-mm glass bottom 

culture dishes (for live-cell imaging). Cells in each well or culture dish were washed twice 

with PBS, and media replaced with 1.5 ml of RPMI 1640 supplemented with 10% FCS but 

without antibiotics. The plasmid DNA (4 μg) and lipofectamine (10 μl) were made up to 250 

μl with Opti-MEM media (Invitrogen) in two separate microcentrifuge tubes and left to 

equilibrate at room temperature for 5 min. The two solutions were then combined and 
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incubated at room temperature for a further 20 min. 500 µl of the lipid-plasmid DNA 

complexes were added to each well or culture dish and incubated for 6 h in a humidified 

incubator at 37°C with 5% CO2. Cells were then washed with PBS before the addition of 2 

ml of RPMI 1640 complete media (Table 2. 1) for recovery. Cells were incubated in a 

humidified incubator at 37°C with 5% CO2 for 48 h before being treated with autophagy 

inducers (Section 2.11) for the required time (see individual experiments). Cells were then 

fixed or left to remain alive, prior to visualisation of GFP-LC3 puncta (a marker of 

autophagosome formation) by fluorescence microscopy (Section 2.15). 

 

2.12. Immunohistochemistry 

BEAS-2B cells were grown on glass cover slips placed in 6-well plates prior to treatment 

with autophagy inducers (Section 2.11). At the time of staining, cells were fixed with ice-cold 

100% methanol and stained for endogenous LC3 using anti-LC3B (Sigma-Aldrich). The 

secondary antibody used was Alexa Fluor 488 (Molecular Probes). Nuclei were stained with 

1x PBS containing 0.5 μg/ml 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and 

mounted on slides with Fluoromount (Southern Biotech). Staining was visualised by 

fluorescence microscopy (Section 2.15).  

 

2.13. Fluorescence microscopy 

Fluorescent images of cells were captured using the Olympus BX61 fluorescence 

microscope. For live-cell imaging, the microscope was enclosed in an environmental 

chamber equilibrated to 37°C. 

 

2.14. Western blot analysis 

2.14.1. Sample preparation for western blot analysis 

Supernatants were removed and cells (~5x10
5
) washed with PBS. Cells were lysed in 50 µl of 

phosphatase lysis buffer (Table 2.2). Lysed samples were suspended in an equal volume of 
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2X sample buffer (Table 2.2) and then heated for 5 min at 95°C. Samples were then stored at 

-80°C until analysis.  

2.14.2. SDS-PAGE 

The Bio-Rad mini PROTEIN II electrophoresis cell (Bio-Rad Laboratories Ltd, UK) was 

used to separate proteins according to size in a 10 or 12% resolving gel (Table 2.2). The 

resolving gel was poured to within 2 cm of the top of two glass plates separated by 0.75 mm 

spacers, in a horizontal casting system. The gel was overlaid with a thin layer of butan-2-ol to 

prevent evaporation, and allowed to set. Once set the butan-2-ol was removed and the gel 

washed with distilled water. The 5% stacking gel (Table 2.2) was poured on top of the 

resolving gel and a 15-well 0.75 mM comb inserted. The set gel was placed into the 

electrophoresis tank and covered with 1L of SDS-PAGE running buffer (Table 2.2). 10 µl of 

protein sample was loaded into the wells and samples electrophoresed at 60 V through the 

stacking gel and 200 V through the resolving gel. 

2.14.3. Protein transfer and Ponceau S staining 

Hybond-C-Extra nitrocellulose transfer membrane (0.45 µm pore size, GE Healthcare Life 

Sciences, UK) was soaked in transfer buffer (Table 2.2) along with 2 fibre pads and 2 pieces 

of 3 mm filter paper. A fibre pad and filter paper were placed on the black lower side of a gel 

cassette. The resolving gel with the samples was then placed onto the filter paper. The 

nitrocellulose membrane was placed on top of the gel and a piece of filter paper and fibre pad 

placed above. The cassette was closed and placed in a transfer tank with the black side facing 

the negative charge. Proteins were transferred to the membrane using the Bio-Rad mini 

Trans-Blot electrophoretic transfer cell (Bio-Rad laboratories Ltd, UK) for 70 min at 100 V. 

Protein transfer and equal loading was verified using reversible staining with Ponceau S (Bio-

Rad laboratories Ltd, UK). The membrane was incubated with 30 ml Ponceau S for ~40 sec 

until protein bands were visible. The membrane was de-stained using 0.2% tween-PBS. Non-

specific binding sites were then blocked by incubating with 5% non-fat milk in 0.2% tween-

PBS for 1 h at room temperature on an orbital shaking platform.  

2.14.4. Protein detection by western blot 

The nitrocellulose membrane was incubated in primary antibody (Table 2.4) in 5% non-fat 

milk in 0.2% tween-PBS at 4°C overnight. The membrane was washed 4 times in 0.2% 
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tween-PBS (5 min per wash) before being incubated with secondary antibody (Table 2.4) in 

5% non-fat milk in 0.2% tween-PBS for 1 h at room temperature. The membrane was then 

washed 4 times in 0.2% tween-PBS (5 min per wash). Labelled proteins were detected using 

a chemiluminescent kit (Bio-Rad laboratories Inc, UK). The blot image was acquired using a 

Bio-Rad ChemiDoc
TM 

XRS+ system (Hemel Hempstead, Herts, UK). Densitometric analysis 

was conducted using ImageJ image analysis software (NIH, United States).  

2.14.5. Stripping and re-probing membranes 

When required, membranes were stripped of existing primary and secondary antibodies by 

washing in water for 5 min and then incubating in 0.2M NaOH for 10-12 min on an orbital 

shaking platform to remove any bound antibodies. Membranes were then washed in water for 

5 min followed by 0.2% tween-PBS for 5 min (2X). Membranes were blocked by incubating 

with 5% non-fat milk in 0.2% tween-PBS for 1 h at room temperature on an orbital shaking 

platform and then re-probed with alternate antibodies as described in Section 2.14.4.  

 

2.15. Measurement of cytokine release by ELISA 

Cell-free supernatants were prepared by centrifugation at 1000 x g for 3 min and stored at -

80°C until cytokine generation was determined by ELISA using matched antibody pairs 

(R&D Systems) (Table 2. 5) at previously optimised concentrations. Samples were 

appropriately diluted in ELISA wash buffer (Table 2.2) to ensure analysis within the linear 

portions of a log (concentration) / linear (optical density) standard curve. All room 

temperature incubations were carried out on an orbital shaking platform.  

For the ELISA, a 96-well plate (Costar) was coated with respective capture anti-human 

antibody (Table 2. 5) diluted in ELISA coating buffer (Table 2.2) and incubated overnight at 

room temperature. The plate was washed using the ELX50 Autostrip Washer (Bio-Tek 

Instruments Inc.) and blocked with 1% ovalbumin in coating buffer for 1 h. After further 

washing, 100 µl of standard or sample was loaded per well in duplicate. The plate was 

incubated for 2 h, washed, and bound cytokine detected using biotinylated detection anti-

human antibody (Table 2. 5) and incubated for a further 2 h. After a further wash, bound 

antibody was visualised using 1:200 streptavidin-HRP (Horse Radish Peroxidise) (Dako, UK) 

and substrate reagent (R&D Systems) according to the manufacturer’s instructions. 
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Absorbance was measured at 450 nm wavelength using the Varioskan
TM

 Flash multimode 

plate reader (Thermo Scientific, USA) and ScanIT
TM 

software version 2.4.3 (Thermo 

Scientific, USA). ELISA detection limits for each cytokine are stated in Table 2. 5.  

2.16. RNA extraction and purification 

RNA was typically extracted from cells using TRI Reagent® (Sigma-Aldrich). For viral 

replication qPCR analysis, RNA was extracted using the RNeasy Mini Kit (Table 2. 3). 

For RNA extraction using TRI Reagent®, cells in each well of the plate were washed in PBS 

to remove any residual culture media and 1 ml of TRI Reagent® was added to each well. 

Samples were incubated for 5 min at room temperature to ensure complete lysis. The lysed 

cells were then transferred to an Eppendorf tube and 200 µl of chloroform added. After 

mixing vigorously, the solution was left to separate for 10 min at room temperature, then 

centrifuged at 12,000 x g for 15 min at 4°C. This created three phases, the lower organic 

phase containing protein, the interphase containing DNA and the upper aqueous phase 

containing the RNA. The upper aqueous phase was transferred to a fresh tube. To this, 500 µl 

of isopropanol was added and after mixing vigorously the solution was left to separate for 10 

min at room temperature. RNA was pelleted by spinning the solution at 12,000 x g for 10 min 

at 4°C and after removal of the supernatant, the pellet was washed in 75% ethanol and 

centrifuged at 7500 x g for 5 min at 4°C. The ethanol was removed to allow the RNA pellet 

to air-dry for approximately 10 min and then the RNA pellet was resuspended in 25 µl of 

sterile water (total volume was approximately 30 µl).  

For RNA extraction using the RNeasy Mini Kit (Table 2.3), the cells were lysed using 350 µl 

per well of Buffer RLT. The lysed sample was mixed with an equal volume of 70% ethanol, 

added to an RNeasy mini-spin column, and centrifuged at 9000 x g for 15 sec. The columns 

were washed in 700 µl Buffer RW1 with centrifugation at 9000 x g for 15 sec. The columns 

were then washed twice using Buffer RPE. The columns were placed in new 2ml collection 

tubes and centrifuged again as above to completely remove any residual liquid. The columns 

were placed in new 1.5 ml collection tubes and RNA was eluted from the spin column using 

30 µl nuclease-free water (giving approximately 10 µg RNA/sample extraction).  

Following RNA extraction, any genomic DNA contamination was removed using DNA-

free™ (Table 2.3) as per manufacturer’s instructions. RNA yield and quality was then 
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determined using the Nanodrop-1000 spectrophotometer (Thermo Fisher Scientific, 

Loughborough, UK).  

 

2.17. cDNA synthesis 

20 µl of RNA (1 µg RNA per sample) was used to synthesise cDNA using the High-Capacity 

cDNA Reverse Transcription Kit (Table 2.3). The components of the reaction were mixed as 

shown in Table 2. 9. The reactions were carried out using the Hybaid PCR Express Thermal 

Cycler (Hybaid, Middlesex, UK), with a thermal cycling condition consisting of 25°C for 10 

min, 37°C for 120 min, and 85°C for 5 min.  

 

Table 2. 9 Composition of cDNA reactions. 

Component Volume / reaction 

10X RT Buffer 4 µl 

25X dNTP Mix (100mM) 1.6 µl 

10X RT Random primers 4 µl 

MultiScribe
TM

 Reverse Transcriptase 2 µl 

RNase Inhibitor 2 µl 

Nuclease-free water 6.4 µl 

Template RNA 20 µl 

Total Volume 40 µl 

 

2.18. Real-time PCR 

Real-time PCR primers and probes used in this study are listed in Section 2.1.5.1. The 

primer-probe set specific to GAPDH (Applied Biosystems) are pre-mixed, thus 1 µl of this 

mixture was added directly to 10 μl of 2X qPCR Master Mix (Eurogentec, Southampton, 

UK). Primers and probes from Sigma-Aldrich were diluted to 300 nM for forward primers, 

900 nM for reverse primers and 175 nM for probes and 1 μl of each was added to 10 μl of 2X 

qPCR Master Mix. 1 μl of cDNA sample was added to the final master mix containing the 

relevant primer-probe sets, which was then made up to a final volume of 20 µl with sterile 

water. The 384-well qPCR plate was sealed with an optical lid and centrifuged at 2000 rpm 



82 

 

for 2 min. The qPCR reactions were carried out using an ABI 7900 Automated TaqMan
TM 

(Applied Biosystems), with an amplification cycle consisting of 50°C for 2 min, 94°C for 10 

min, and 45 cycles of 94°C for 15 sec, 60°C for 15 sec. Samples were quantified against 

serial dilutions of standards of plasmids containing known copy numbers of target genes. 

2.19. End-point PCR 

2.19.1. PCR conditions 

Template cDNA (2 µl) was incubated with the reagents (Promega) stated in Table 2.10. The 

thermal cycling conditions consisted of an initial denaturing step of 94°C for 2 min followed 

by 30 cycles consisting a denaturing step at 94°C for 30 sec, annealing step at a primer 

specific temperature (Table 2. 7) for 1 min and an extension step at 72°C for 30 sec. This was 

followed by a final extension at 72°C for 2 min and then holding at 4°C. The reaction was 

performed using a Hybaid PCR Express Thermal Cycler.  

 

Table 2. 10 Composition of end-point PCR reaction.  

 

 

2.19.2. Visualisation by Agarose Gel Electrophoresis  

A 1L solution of 1X TAE was prepared using TAE stock (50X, Table 2.2) and distilled 

water. 1.2 % agarose gels were prepared by addition of Agarose (Table 2.2) to 1X TAE 

solution. The agarose was dissolved by boiling and cooled to approximately 40°C, poured 

Component Volume / reaction 

5X Green GoTaq
® 

Flexi Buffer 5 µl 

MgCl2 solution (25 mM) 1.5 µl 

dNTP Mix (10mM) 1 µl 

Forward primer 0.7 µl 

Reverse primer 0.7 µl 

GoTaq
® 

DNA Polymerase (5U/µl) 0.2 µl 

Nuclease-free water 13.9 µl 

Template cDNA 2 µl 

Total Volume 25 µl 
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into a gel-casting tray containing a well forming comb and left to set. The gel was placed into 

an electrophoresis tank containing 1X TAE and the comb removed. 5 µl of DNA ladder (i.e. 

HyperLadder IV, 100-1000bp; Bioline) or 10 µl of sample was loaded and samples run at a 

voltage of 100 V and a current of 100 mA for 1 hour. The gel was visualised using a Bio-Rad 

ChemiDoc
TM 

XRS+ system (Hemel Hempstead, Herts, UK). 

2.20. Lactate dehydrogenase (LDH) assay to measure cell death 

LDH release was measured using the CytoTox 96
® 

Non-Radioactive Cytotoxicity Assay 

(Promega, Madison, USA). This assay utilises a 30-minute coupled enzymatic assay resulting 

in the conversion of a tetrazolium salt (INT) into a red formazan product. The amount of 

colour formed is proportional to the number of lysed cells. The general chemical reactions of 

the CytoTox 96
® 

Assay are as follows: 

 

LDH 

NAD
+
 + lactate → pyruvate + NADH 

Diaphorase 

NADH + INT → NAD
+ 

+ formazan (red) 

The assay was carried out as per manufacturer’s instructions. Cell-free supernatants were 

prepared by centrifugation at 1000 x g for 3 min. Pelleted cells were kept for cell lysate 

analysis (see below). The cell monolayer was washed once with 500 µl PBS per well to 

remove any remaining supernatant. Pelleted cells were resuspended in 500 µl of media and 

transferred into the plate containing the attached cells. Cells were then lysed by freeze-

thawing (incubation at -80°C for 40 min followed by thawing at 37°C for 40 min). Following 

cell lysis, cell-free supernatant containing maximum LDH amount was collected by 

centrifugation at 1000 x g for 3 min. 50 µl of cell-free supernatant or media from lysed cells 

was added to 96-well plates. Substrate mix was created by adding 12 ml of assay buffer to a 

bottle of substrate mix, and inverted gently to dissolve the substrate. Substrate mix was 

protected from strong direct light and used immediately. 50 µl of reconstituted substrate mix 

was added to each well. Plates were incubated at room temperature for 30 min in the dark. 

After 30 min, 50 µl of stop solution was added to each well. Large air bubbles were removed 
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and absorbance was immediately measured at 492 nm wavelength using an MRX plate reader 

(ThermoLabsystems, Vantaa, Finland) and Biolinx software version 2.20 (Biolinx, Frankfurt 

am Main, Germany). 

 

Results from the CytoTox 96
® 

Assay were expressed as the percentage LDH release, 

calculated as follows: 

 

  

   

NOTE: In order to correct for any endogenous LDH activity in animal serum, the optical 

density (OD) reading of “media alone” (media incubated in the absence of cells) was 

subtracted from all other values. 

 

2.21. Statistics 

Data are presented as mean ± SEM (standard error of the mean). Data were analysed using 

the appropriate statistical test and post-test as stated in the figure legends. A p value of ≤ 0.05 

was considered statistically significant. Data were analysed using GraphPad Prism
®
 v6.0 

(GraphPad Inc, San Diego, CA, United States). 

  

% LDH release =  

Maximum release (OD of culture supernatant + OD of cell lysate) 

Minimum release (OD of culture supernatant) 
x 100 
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Chapter 3: Results. Differential responses of human lung 

fibroblasts and human bronchial epithelial cells to RV infection 

 

3.1 Introduction 

Whilst the airway epithelial cells have been considered as the primary site of RV infection, 

studies have detected the presence of RV in the subepithelial layer of lower airways (using in 

situ hybridisation), although the exact cell type was not determined (Papadopoulos et al., 

2000, Wos et al., 2008). Fibroblasts are located just beneath epithelium (Sirianni et al., 2003), 

and this close contact between airway fibroblasts with airway epithelial cells suggests that 

RV may also infect fibroblasts. It has been reported that following experimental RV-39 

infection, viral replication was higher in airway epithelial cells obtained from COPD subjects 

compared to that of healthy controls (Schneider et al., 2010). As COPD is associated with the 

airway tissue damage, this increases the probability of RV to further infect the underlying 

fibroblasts during a naturally attained RV infection in COPD patients. It is therefore 

interesting to explore the potential role of lung fibroblasts to amplify inflammation as a result 

of RV infection. 

Apart from contributing to the detrimental airway remodelling in asthma and COPD 

(reviewed in Araya and Nishimura, 2010), it is known that airway fibroblasts also play major 

roles in the pathogenesis of idiopathic pulmonary fibrosis (IPF), whereby they are 

excessively proliferated in IPF lungs (reviewed in Hoo and Whyte, 2012). IPF is a chronic 

lung disease of unknown aetiology that often leads to respiratory failure and death within 2-5 

years of diagnosis (reviewed in Zolak and de Andrade, 2012). Although the cause of IPF is 

unknown, several potential risk factors have been associated with the disease onset and 

development including cigarette smoking and other environmental exposures (reviewed in 

Deretic, 2008). Over the last 5 years, many studies have been reported proposing a role for 

viruses, such as HSV, Epstein-Barr virus (EBV) and torque teno virus (TTV), in triggering 

acute exacerbations of IPF (Guenther et al., 2010, Lasithiotaki et al., 2011, Wootton et al., 

2011). To date, no study has been reported investigating the ability of RV to induce the 

inflammatory responses in lung fibroblasts isolated from IPF patients.  
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Clinical studies have reported increased levels of many proinflammatory cytokines, such as 

CXCL8, IL-1β and TNFα, in the sputum, bronchial epithelial cells and alveolar macrophages, 

taken from asthmatic, COPD and IPF patients (Sapey et al., 2009, Rusznak et al., 2000, 

Zhang et al., 1993, Ordonez et al., 2000). IL-1β has been shown to play a vital role in 

mediating airway inflammatory diseases (reviewed in Dinarello, 2009). Our group has 

previously showed that IL-1β could induce CXCL8 (a neutrophil chemoattractant) release 

from various airway tissue cells including epithelial cells and smooth muscle cells (Morris et 

al., 2006, Morris et al., 2005). Furthermore, IL-1β could synergistically potentiated cytokine 

release from cells stimulated with the viral dsRNA mimic poly(I:C) (Morris et al., 2006). 

However, the potential role of IL-1β to amplify the proinflammatory responses of RV-

infected structural airway cells remains to be explored.   

Coinfections with viral and bacterial pathogens are common within the airways of asthmatic 

and COPD patients, and are often associated with severe exacerbations of the diseases 

(Wilkinson et al., 2006, Louie et al., 2009). Our group has previously demonstrated that 

costimulation with poly(I:C) and bacterial-derived LPS could enhance CXCL8 release by 

bronchial epithelial cells in the presence of peripheral blood mononuclear cells (PBMCs) 

(Morris et al., 2006). Therefore, it is of interest to determine if LPS could potentiate RV-

induced inflammatory responses of airway epithelial cells in the presence of innate immune 

cells.   

 

3.2 Hypothesis and Aims 

It was hypothesised that 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. 

The specific aims of this chapter were to investigate: 

1. The susceptibility of lung fibroblasts to RV infection and their ability to produce 

proinflammatory cytokines. 

2. Whether differences existed between the responses of airway epithelial cells and 

fibroblasts to RV infection.  
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3. The potential detrimental effects of RV infection on Idiopathic Pulmonary Fibrosis 

patient fibroblasts (IPFFs).  

4. The potential amplification of inflammatory responses of RV-infected cells in a 

proinflammatory environment.  

5. The ability of viral and bacterial coinfection to potentiate inflammatory responses of 

airway tissue cells.  

 

 

3.3 RV induces major cell death in airway fibroblast (MRC-5) cells 

but not airway epithelial (BEAS-2B) cells 

3.3.1 RV-induced cytopathic effects in MRC-5 cells 

A recent study investigating the responses of primary bronchial fibroblasts to the minor group 

RV, RV-1B, showed that fibroblasts were highly susceptible to RV-1B infection, in which 

viral inocula as low as multiplicity of infection (MOI) 0.08 caused marked cytopathic effects 

(i.e. cells became rounded and started to detach from the monolayer) (Bedke et al., 2009). 

Therefore, this study utilised a range of concentrations of RV-1B or RV-16 starting from 

3.3x10
4
 TCID50/ml

 
(MOI ~0.01) to 2.0x10

7 
(MOI ~6) to infect the human lung fibroblast 

(MRC-5) cell line. Cells were left uninfected (media control) or infected with RV at the 

indicated TCID50/ml as described in Section 2.6.3. Filtrate and UV-RV control samples 

(2x10
7
 TCID50/ml) were prepared as described in Section 2.6.3.  

Figure 3.1 shows images of MRC-5 fibroblasts infected with RV-1B at a TCID50/ml range of 

3.3x10
4
 to 1.0x10

7
 for 24 h. RV-1B infection caused pronounced cytopathic effects, as 

determined by visual observation, in MRC-5 cells at TCID50/ml of 2.7x10
5
, 4.0x10

5
, 1.0x10

6
, 

2.0x10
6
,
 
4.0x10

6
, and 1.0x10

7
 (Figure 3.1). These concentrations of RV-1B elicited no 

obvious cytopathic effects in human bronchial epithelial (BEAS-2B) cells (images not taken). 

The cytopathic effects of RV-1B were dose-dependent, as the lower TCID50/ml of RV-1B 

(3.3x10
4
, 6.7x10

4
, 1.3x10

5
) did not result in cytopathic effects in the MRC-5 cells. As 

expected, filtrate and UV-RV treatment did not result in cell death (Figure 3.1).     

The effect of the major group RV, RV-16, on MRC-5 fibroblast and BEAS-2B cell death are 

shown in Figure 3.2 and Figure 3.3, respectively. Again, similar to the results seen when cells 

were infected with RV-1B (Figure 3.1), RV-16 infection resulted in higher cytopathic cell 
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Figure 3. 1 RV-1B-induced cytopathic effects in MRC-5 cells.  

MRC-5 cells were infected with RV-1B as described in Section 2.6.3 at the indicated 

TCID50/ml. Filtrate and UV-RV control samples were prepared as described in Section 2.6.3. 

After 24 h, cell monolayers were observed using a fluorescence and phase contrast Leica 

DM14000B inverted microscope at 10x magnification. Data shown are representative images 

of n = 4 independent experiments.  
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Figure 3. 2 RV-16-induced cytopathic effects in MRC-5 cells. 

MRC-5 cells were infected with RV-16 as described in Section 2.6.3 at the indicated 

TCID50/ml. Filtrate and UV-RV control samples were prepared as described in Section 2.6.3. 

After 24 h, cell monolayers were observed using a fluorescence and phase contrast Leica 

DM14000B inverted microscope at 10x magnification. Data shown are representative images 

of n = 3 independent experiments.  
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Figure 3. 3 RV-16-induced cytopathic effects in BEAS-2B cells. 

BEAS-2B cells were infected with RV-16 as described in Section 2.6.3 at the indicated 

TCID50/ml. Filtrate and UV-RV control samples were prepared as described in Section 2.6.3. 

After 24 h, cell monolayers were observed using a fluorescence and phase contrast Leica 

DM14000B inverted microscope at 10x magnification. Data shown are representative images 

of n = 3 independent experiments.  
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death in MRC-5 cells (Figure 3.2) than in BEAS-2B cells (Figure 3.3). For example, at 

5.0x10
6
 TCID50/ml, RV-16 caused ~20% rounded/detaching cells in MRC-5 fibroblasts 

(Figure 3.2) whilst it did not cause obvious rounding/detaching cells in BEAS-2B epithelial 

cells (Figure 3.3). Interestingly, the same concentration of RV-16 caused less cytopathic 

effects (Figure 3.2) as compared to RV-1B (Figure 3.1). For example, at 1.0x10
7
 TCID50/ml, 

RV-16 only resulted in ~30% rounded/detaching cells (Figure 3.2), whilst RV-1B caused 

~60% rounded/detaching cells (Figure 3.1).  

3.3.2 LDH release measured by LDH assay is linearly correlated with cell death 

To quantify the cell death observed in RV-infected cells, the LDH cytotoxic assay (Section 

2.20) was utilised. LDH is a stable cytosolic enzyme present within all mammalian cells. The 

normal plasma membrane is impermeable to LDH, but damage to the cell membrane allows 

leakage of LDH into the extracellular fluid. Prior to using the LDH assay to measure cell 

death, a pilot experiment was conducted to confirm that the OD readings obtained from the 

LDH assay were linearly correlated to the amount of LDH released from the dead cells. 

Supernatant obtained from BEAS-2B cell lysates was serially diluted (1:1, 1:2, 1:4, 1:8, 1:16, 

1:32, 1:64, 1:128). 6.1 x 10
5
 cells were used to obtain the 1:1 lysate sample, and the 

remaining dilutions were given putative cell numbers. The LDH assay was then performed as 

described in Section 2.20.  Based on a single experiment, OD readings appeared to be linearly 

correlated to the amount of LDH released from the dead cells and were therefore could be 

considered as true representatives of cell viability (Figure 3.4). 

3.3.3 RV-1B induces greater cell death in MRC-5 cells than in BEAS-2B cells 

After validating the use of the LDH assay in determining the percentage of cell death, MRC-5 

and BEAS-2B cell death as a result of RV-1B infection was quantified using the LDH assay. 

In keeping with the microscopic observations (Figure 3.1), RV-1B infection at the TCID50/ml 

of 1.0x10
7
 induced 50% cell death in MRC-5 cells, whilst only 20% cell death was measured 

in BEAS-2B cells (Figure 3.5). Furthermore, when cells were infected with 4.0x10
6
 

TCID50/ml of RV-1B, 30% cell death was seen in MRC-5 cells, whilst only 14% cell death 

was found in BEAS-2B cells. The RV-1B-induced cell death of MRC-5 fibroblasts started to 

become minimal (similar to the media control) when the cells were infected with 4.0x10
5 

TCID50/ml of RV-1B. Unexpectedly, the UV control sample gave a high percentage of LDH 

release, as measured by this assay (Figure 3.5), in contrast to what was observed  
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Figure 3. 4 OD readings obtained in LDH assay are linearly correlated with the 

amount of LDH released by the lysed (dead) cells.  

Supernatant obtained from BEAS-2B cell lysates was serially diluted (1:1, 1:2, 1:4, 1:8, 1:16, 

1:32, 1:64, 1:128). 6.1 x 10
5
 cells were used to obtain the 1:1 lysate sample, and the 

remaining dilutions were given calculated cell numbers. The LDH assay was performed as 

described in Section 2.20. Data shown are n = 1.  
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Figure 3. 5 RV-1B induces greater cell death in MRC-5 cells compared to BEAS-2B 

cells.  

Cells were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. At 

24 h p.i., cell death was measured as described in Section 2.20 and displayed as % LDH 

release by dead cells. Data shown are mean ± SD of n = 2 (A) or mean ± SEM of n = 3 (B) 

independent experiments. Significant differences are indicated by *p<0.05, ***p<0.001 and 

****p<0.0001 (versus media control), as measured by one-way ANOVA with Dunnett’s 

post-test.  
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microscopically (Figure 3.1). Thus the ability of UV-treated virus to cross-react with the 

LDH assay was explored further.  

3.3.4 UV-treated virus cross-reacts with the LDH assay 

Pilot experiments were conducted to investigate the possibility that UV-treated virus cross-

reacted with the LDH assay. BEAS-2B cells were exposed to serial dilutions of UV-virus 

(1:1, 1:2, 1:5, 1:10). The cells were then incubated at 37°C/5% CO2 for 24 h and LDH release 

measured by LDH assay. As hypothesised, exposure to UV-virus caused LDH release from 

BEAS-2B cells in a dilution-dependent manner (Figure 3.6A). As additional confirmation, a 

cell-free system was then utilised. Viral inoculum was exposed to UV light for 10 min, 

serially diluted in infection media, and immediately utilised in LDH assay. The UV-virus 

alone (cell-free system) resulted in high OD readings in a dilution-dependent manner, hence 

confirming the cross-reactivity of UV-virus with the LDH assay used to measure cell death 

(Figure 3.6B). 

3.3.5 Poly(I:C) does not induce cell death in MRC-5 or BEAS-2B cells 

To confirm the visual observation that the synthetic dsRNA poly(I:C) did not cause cell 

death, and thus the cell death seen in RV-infected cells was not a host-mediated response to 

PRR activation, the LDH assay was conducted on poly(I:C)-stimulated MRC-5 and BEAS-

2B cells. Cells were left untreated or treated with poly(I:C) (10 µg/ml) for 24 h, cell-free 

supernatants were then collected to measure LDH released from the poly(I:C)-treated cells. 

Based on two independent experiments, in contrast to RV (Figure 3.5), poly(I:C) did not 

induce cell death in the MRC-5 fibroblasts (Figure 3.7A) or BEAS-2B epithelial cells (Figure 

3.7B). To ascertain that the poly(I:C) utilised was biologically active, the cell-free 

supernatants were also tested for cytokine release. It was found that the poly(I:C) used could 

indeed stimulate production of CXCL8 by both MRC-5 and BEAS-2B cells (data not shown). 
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Figure 3. 6 UV-treated virus cross-reacts with LDH assay. 

 (A) BEAS-2B cells were treated with dilutions of UV-virus (1:1, 1:2, 1:5, 1:10). The cells 

were then incubated in 37°C/5% CO2 for 24 h and LDH released from UV-virus-treated 

BEAS-2B cells determined by LDH assay. (B) Virus was exposed to UV light for 10 min and 

then serially diluted in infection media. The diluted UV-treated virus was then immediately 

utilised in LDH assay and the OD values determined. Data shown are n = 1.   

A. 

B. 
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Figure 3. 7 Poly(I:C) does not induce cell death in MRC-5 and BEAS-2B cells. 

Cells were stimulated with poly(I:C) (10 µg/ml). After 24 h, cell death was measured as 

described in Section 2.20 and represented as % of LDH release by dead cells. Data shown are 

mean ± SD of n = 2 independent experiments.  
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3.4 MRC-5 and BEAS-2B cells express TLR3, RIG-I, MDA5 and 

MAVS, but not TLR7 and TLR8, as observed at the mRNA level 

 

The innate immune system responds to microbial infections and endogenous molecules via a 

group of germ-line encoded receptors termed PRRs. The PRRs TLR3, TLR7, TLR8, RIG-I 

and MDA5 have all been implicated in viral recognition (Section 1.4). Activation of these 

PRRs by virus leads to the production of type I IFNs and proinflammatory cytokines. 

Therefore, in this study the expression of these PRRs in MRC-5 fibroblasts and BEAS-2B 

epithelial cells was determined. The expression of mitochondrial adaptor protein MAVS 

(which is involved in RLR signalling pathways) was also explored in these cells.  

MRC-5 and BEAS-2B cells were grown to ~95% confluence in 12-well plates. As a control, 

freshly isolated monocytes (Section 2.7) were used. Cells were then lysed and total RNA 

extracted, followed by cDNA synthesis (Section 2.16, 2.17). The synthesised cDNA were 

amplified by PCR using primers specific to TLR3, TLR7, TLR8, RIG-I, MDA5 and MAVS 

(Section 2.19).  

Based on two independent experiments, all MRC-5 fibroblasts, BEAS-2B epithelial cells and 

monocytes appeared to express TLR3, RIG-I, MDA5 and MAVS, although the expression 

levels of these molecules were much lower in monocytes compared to that in MRC-5 and 

BEAS-2B cells, as determined at the mRNA level (Figure 3.8). Interestingly, MRC-5 and 

BEAS-2B cells showed no expression of TLR7 and TLR8, unlike monocytes, which 

expressed detectable levels of TLR7 and TLR8 (Figure 3.8).  

 

3.5 In contrast to BEAS-2B cells, MRC-5 cells only produce CXCL8 

and IL-6, but not CCL5 and CXCL10 in response to RV infection 

After confirming that MRC-5 fibroblasts and BEAS-2B epithelial cells express the PRRs 

involved in recognising RV, the ability of RV infection to induce secretion of the 

proinflammatory cytokines CXCL8 and IL-6, or the antiviral chemokines CCL5 and 

CXCL10 in both cell types was explored.  

MRC-5 and BEAS-2B cells were infected with RV-1B as described in Section 2.6.3 at 

several TCID50/ml ranging from 3.3x10
4
 to 2.0x10

7
. Filtrate and UV-RV control samples  
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Figure 3. 8 MRC-5 and BEAS-2B cells express TLR3, RIG-I, MDA-5 and MAVS, but 

not TLR7 and TLR8, as observed at the mRNA level.      

Cells were grown to ~95% confluence in 12-well plates (MRC-5 and BEAS-2B cells), or 

freshly isolated from a donor (monocytes). Cells were then lysed and total RNA extracted. 

Synthesised cDNA (from 1 µg RNA) of MRC-5 cells, BEAS-2B cells and monocytes were 

amplified by PCR using primers specific to TLR3, TLR7, TLR8, RIG-I, MDA5 or MAVS. 

PCR products were then separated by gel electrophoresis and visualised under UV light. Data 

shown are representative of n = 2 independent experiments.  
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(2x10
7
 TCID50/ml) were prepared as described in Section 2.6.3. At 24 h p.i., cell-free 

supernatants were collected to determine cytokine release, as measured by ELISA (Section 

2.15).  

RV-1B elicited CXCL8 release from MRC-5 fibroblasts in a dose-dependent manner (Figure 

3.9A), however the levels of CXCL8 released by MRC-5 fibroblasts were approximately 5-

fold lower compared to BEAS-2B epithelial cells (Figure 3.9A, D). Interestingly, the UV-

deactivated RV-1B was able to induce a noticeable amount of CXCL8 in MRC-5 cells, but 

not in BEAS-2B cells (Figure 3.9A, D). Importantly, unlike BEAS-2B cells, MRC-5 cells did 

not produce CCL5 and CXCL10 in response to RV-1B infection (Figure 3.9B, E, C, F). IL-

1α and IL-1β release was also undetectable in RV-1B-infected MRC-5 cells (data not shown). 

Additionally, based on a single experiment, MRC-5 cells could also secrete IL-6 in response 

to RV-1B, in a pattern similar to the CXCL8 data (Figure 3.9A), furthermore the UV-RV also 

induced a noticeable level of IL-6 in this cell type (data not shown).  

 

3.6 Higher viral replication occurs in MRC-5 cells compared to 

BEAS-2B cells 

Having found that there was a lack of antiviral CCL5 and CXCL10 cytokine production in 

RV-infected MRC-5 fibroblasts (Section 3.5) (implicating the lack of IFNs to control viral 

replication), it was hypothesised that these would result in a high viral replication in this cell 

type. To test this hypothesis, cells were infected with RV-1B as described in Section 2.6.3. At 

24 h p.i., MRC-5 cells (~5x10
5
) and BEAS-2B cells (~6.1x10

5
) were lysed, cDNA 

synthesised and real-time qPCR for RV-1B performed (Section 2.16-2.18). Samples were 

quantified against a standard curve of plasmids containing RV target sequence.  

With the exception of data obtained using 2x10
7
 TCID50/ml RV, the amounts of intracellular 

viral RNA copies were at least 2-log higher in MRC-5 fibroblasts compared to BEAS-2B 

epithelial cells, at 24 h p.i (Figure 3.10). For example, when cells were infected with 1.0x10
7
 

TCID50/ml of RV-1B for 24h, ~6.0x10
9
 RV copies were detected in MRC-5 cells, whilst only 

~3.0x10
8
 RV copies were found in BEAS-2B cells. Furthermore, at 4.0x10

6
 TCID50/ml, only 

~2.0x10
8 

RV copies were obtained in RV-1B-infected BEAS-2B epithelial cells, whilst the 
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Figure 3. 9 Unlike BEAS-2B cells, MRC-5 cells do not produce CCL5 and CXCL10 

in response to RV-1B.  

Cells were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. 

Filtrate and UV-RV control samples (2x10
7
 TCID50/ml) were prepared as described in 

Section 2.6.3. After 24 h, cell-free supernatants were collected, and CXCL8 (A, D), CCL5 

(B, E) and CXCL10 (C, F) release was measured by ELISA. Data shown are mean ± SEM of 

n = 4 (A, B, D, E) or n = 3 (C, F) independent experiments. Significant differences are 

indicated by **p<0.01, ***p<0.001 and ****p<0.0001 (versus media control), as measured 

by one-way ANOVA with Dunnett’s post-test. LD = limit of detection.  
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Figure 3. 10 Higher viral replication occurs in MRC-5 cells compared to BEAS-2B 

cells.   

Cells were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. At 

24 h p.i., MRC-5 cells (~5x10
5
) and BEAS-2B cells (~6.1x10

5
) were lysed, total RNA 

extracted, cDNA synthesised by RT and real-time PCR for RV-1B performed. Data shown 

are mean ± SEM of n = 3 independent experiments. Significant differences are indicated by 

*p<0.05 and **p<0.01 (versus BEAS-2B sample at the same TCID50/ml), as measured by 

two-way ANOVA with Bonferroni’s post-test.  
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same concentration of RV-1B resulted in ~5.0x10
9 

RV copies in MRC-5 fibroblasts, after 24 

h infection (Figure 3.10).  

 

3.7 RV infection differentially regulates the expression of TLR3, RIG-

I and MDA5 in MRC -5 and BEAS-2B cells 

It has been shown that the expression of the viral-detecting PRRs TLR3, RIG-I and MDA5 

was upregulated by RV infection in BEAS-2B epithelial cells (Slater et al., 2010, Wang et al., 

2009), however the expression of these three PRRs is not yet studied in lung fibroblasts. 

Therefore, the ability of RV to regulate the expression of PRRs TLR3, RIG-I and MDA5, as 

well as the adaptor molecule MAVS was explored in MRC-5 fibroblasts and BEAS-2B 

epithelial cells. Cells were either left uninfected or infected with RV-1B or RV-16 as 

described in Section 2.6.3. A TCID50/ml of 4.0x10
6
 or 5.0x10

6 
were selected for RV-1B and 

RV-16 respectively, the concentrations that induced a relatively good level of cytokine 

production, without causing high cell death in MRC-5 fibroblasts (Figure 3.9A, 3.5A). Cells 

were lysed at 24 h p.i. and mRNA expression was examined as described in Section 3.4.  

Based on two independent experiments, upon RV-1B infection, the mRNA expression of 

TLR3 was markedly upregulated in BEAS-2B epithelial cells, as determined by the semi-

quantitative end-point PCR (Figure 3.11). In contrast, RV-1B did not enhance TLR3 

expression in MRC-5 fibroblasts. Expression of RIG-I and MDA5 was augmented in both 

MRC-5 and BEAS-2B cells in response to RV-1B infection, although the amount of 

upregulation was much greater in BEAS-2B cells (Figure 3.11). Furthermore, RV-1B did not 

regulate the expression of TLR7, TLR8 or MAVS in either MRC-5 or BEAS-2B cells (Figure 

3.11).  

For RV-16, in keeping with the results seen when cells were infected with RV-1B (Figure 

3.11), RV-16 infection markedly upregulated the expression of TLR3 in BEAS-2B, but not in 

MRC-5 cells (Figure 3.12). Again, comparable to the results obtained using RV-1B, RV-16 

resulted in a substantial increase of RIG-I and MDA5 expression in BEAS-2B epithelial cells, 

but only modestly upregulated the expression of the two RLRs in MRC-5 fibroblasts (Figure 

3.12). In addition, RV-16 did not alter the expression of TLR7, TLR8 or MAVS in either 

MRC-5 or BEAS-2B cells (Figure 3.12).   
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Figure 3. 11 RV-1B infection differentially regulates the expression of TLR3, RIG-I 

and MDA5 in MRC-5 and BEAS-2B cells.  

Cells were left uninfected or infected with RV-1B (4.0x10
6 

TCID50/ml) as described in 

Section 2.6.3. At 24 h p.i., cells were lysed and total RNA extracted. Synthesised cDNA 

(from 1 µg RNA) of MRC-5 and BEAS-2B cells were amplified by PCR using primers 

specific to TLR3, TLR7, TLR8, RIG-I, MDA5, MAVS or GAPDH. PCR products were then 

separated by gel electrophoresis and visualised under UV light. Data shown are 

representative of n = 2 independent experiments.  
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Figure 3. 12 RV-16 infection differentially regulates the expression of TLR3, RIG-I 

and MDA5 in MRC-5 and BEAS-2B cells. 

Cells were left uninfected or infected with RV-16 (5.0x10
6 

TCID50/ml) as described in 

Section 2.6.3. At 24 h p.i., cells were lysed and total RNA extracted. Synthesised cDNA 

(from 1 µg RNA) of MRC-5 and BEAS-2B cells were amplified by PCR using primers 

specific to TLR3, TLR7, TLR8, RIG-I, MDA5, MAVS or GAPDH. PCR products were then 

separated by gel electrophoresis and visualised under UV light. Data shown are 

representative of n = 2 independent experiments.  
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3.8 RV infection differentially regulates the expression of IRF1, IRF3 

and IRF7 in MRC-5 and BEAS-2B cells 

IRFs, particularly IRF1, IRF3 and IRF7, are the crucial transcription factors responsible for 

type I IFN production (reviewed in Yoneyama and Fujita, 2010, Takeuchi and Akira, 2010). 

In this study, it was hypothesised that differences in basal expression and regulation of IRFs 

by RV might be present between airway fibroblasts and epithelial cells. MRC-5 and BEAS-

2B cells were either left uninfected, or infected with RV-1B (TCID50/ml of 4.0x10
6
) or RV-

16 (TCID50/ml of 5.0x10
6
) as described in Section 2.6.3. Cells were lysed at 24 h p.i. and 

mRNA expression was examined as described in Section 3.4.  

Based on two independent experiments, MRC-5 fibroblasts and BEAS-2B epithelial cells 

appeared to constitutively express IRF1 and IRF3, but both cell types had lower IRF7 basal 

expression, as determined by the semi-quantitative end-point PCR (Figure 3.13, 3.14). RV-

1B and RV-16 increased IRF1 expression in BEAS-2B, but not in MRC-5 cells (Figure 3.13, 

3.14). Interestingly, upon RV infection expression of IRF7 was dramatically enhanced in 

BEAS-2B epithelial cells, but not in MRC-5 fibroblasts (Figure 3.13, 3.14).  No obvious 

upregulation of IRF3 was seen in either MRC-5 or BEAS-2B cells in response to RV 

infection (Figure 3.13, 3.14).  

 

3.9 RV induces substantial cell death in primary human lung 

fibroblasts (HLFs), but not primary human bronchial epithelial 

cells (HBECs)  

To validate the results obtained using cell lines (Section 3.3-3.8), key experiments were then 

conducted in primary human lung fibroblasts (HLFs) and human bronchial epithelial cells 

(HBECs). These primary cells were purchased from PromoCell (Heidelberg, Germany) who 

isolated the cells from normal human adult tissue (Section 2.3).  

3.9.1 RV-induced cytopathic effects in HLFs 

HLFs and HBECs were infected with either RV-1B or RV-16 at increasing TCID50/ml 

starting from 3.3x10
4
 TCID50/ml

 
(MOI ~0.01) to 1.0x10

7 
(MOI ~3) as described in Section 

2.6.3. Filtrate and UV-RV control samples were prepared as described in Section 2.6.3.   
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Figure 3. 13 RV-1B infection differentially regulates the expression of IRF1, IRF3 and 

IRF7 in MRC-5 and BEAS-2B cells. 

Cells were left uninfected or infected with RV-1B (4.0x10
6 

TCID50/ml) as described in 

Section 2.6.3. At 24 h p.i., cells were lysed and total RNA extracted. Synthesised cDNA 

(from 1 µg RNA) of MRC-5 and BEAS-2B cells were amplified by PCR using primers 

specific to IRF1, IRF3, IRF7 or GAPDH. PCR products were then separated by gel 

electrophoresis and visualised under UV light. Data shown are representative of n = 2 

independent experiments.  
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Figure 3. 14 RV-16 infection differentially regulates the expression of IRF1, IRF3 and 

IRF7 in MRC-5 and BEAS-2B cells. 

Cells were left uninfected or infected with RV-16 (5.0x10
6 

TCID50/ml) as described in 

Section 2.6.3. At 24 h p.i., cells were lysed and total RNA extracted. Synthesised cDNA 

(from 1 µg RNA) of MRC-5 and BEAS-2B cells were amplified by PCR using primers 

specific to IRF1, IRF3 or IRF7. PCR products were then separated by gel electrophoresis and 

visualised under UV light. Data shown are representative of n = 2 independent experiments.  
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Figure 3.15 shows images of RV-1B-induced cytopathic effects in HLFs infected with 

3.3x10
4
 TCID50/ml

 
to 1.0x10

7 
of RV-1B. Based on two independent experiments, similar to 

the results obtained in RV-1B-infected MRC-5 fibroblast cell line (Figure 3.1), RV-1B 

infection caused major cytopathic effects in HLFs in a dose-dependent manner (Figure 3.15). 

HLFs started to become rounded and detached from the monolayer when infected with RV-

1B at TCID50/ml of 4.0x10
5
, 1.0x10

6
, 2.5x10

6
, 5.0x10

6
,
 

and 1.0x10
7 

(Figure 3.15), 

concentrations of RV-1B that elicited no noticeable cytopathic cell death in HBECs (images 

not taken). Again, similar to the results seen in MRC-5 cells (Figure 3.1, 3.2), the same 

concentrations (TCID50/ml) of RV-16 elicited lower cytopathic effects in HLFs (Figure 3.16) 

as compared to RV-1B (Figure 3.15) as determined by visual observation. For example, at 

5.0x10
6
 TCID50/ml, RV-16 only caused ~20-30% rounded/detaching cells (Figure 3.16), 

whilst RV-1B induced ~50-60% rounded/detaching cells (Figure 3.15). As expected, no 

cytopathic effects were observed when HLFs were incubated with filtrate and UV-RV 

controls (Figure 3.15, 3.16).  

3.9.2 RV induces greater cell death in HLFs than in HBECs 

To quantify the cytopathic cell death observed in RV-infected HLFs and HBECs, the LDH 

cytotoxic assay (Section 2.20) was utilised. Consistent with the visual observations described 

above (Section 3.9.1), RV infection caused greater cytopathic cell death in HLFs than in 

HBECs (Figure 3.17). For example, the level of cell death seen in HLFs was 2-fold greater 

than in HBECs following infection with the same dose of RV-1B (i.e. 1x10
7
 TCID50/ml) 

(Figure 3.17A). Similarly, 1x10
7
 TCID50/ml of RV-16 caused ~40% higher cell death in 

HLFs than in HBECs (Figure 3.17B). Interestingly, in keeping with the results attained using 

cell lines (Section 3.3), primary HLFs and HBECs were more susceptible to RV-1B infection 

compared to RV-16. Thus, 5x10
6
 TCID50/ml RV-1B triggered 53% cell death, whilst RV-16 

induced only 23% cell death in HLFs (Figure 3.17). The same patterns were observed in 

HBECs, emphasising the more virulent characteristic of RV-1B as compared to RV-16 in the 

two structural airways cells examined in this study.   
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Figure 3. 15 RV-1B-induced cytopathic effects in HLFs. 

HLFs were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. 

Filtrate and UV-RV control samples were prepared as described in Section 2.6.3. After 24 h, 

cell monolayers were observed using a fluorescence and phase contrast Leica DM14000B 

inverted microscope at 10x magnification. Data shown are representative of n = 2 

independent experiments.  
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Figure 3. 16 RV-16-induced cytopathic effects in HLFs.  

HLFs were infected with RV-16 as described in Section 2.6.3 at the indicated TCID50/ml. 

Filtrate and UV-RV control samples were prepared as described in Section 2.6.3. After 24 h, 

cell monolayers were observed using a fluorescence and phase contrast Leica DM14000B 

inverted microscope at 10x magnification. Data shown are representative of n = 2 

independent experiments.  
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Figure 3. 17 RV infection induces greater cell death in HLFs compared to HBECs.  

Cells were infected with RV-1B (A) or RV-16 (B) as described in Section 2.6.3 at the 

indicated TCID50/ml. Filtrate and UV-RV control samples were prepared as described in 

Section 2.6.3. At 24 h p.i., cell death was measured as described in Section 2.20 and 

displayed as % LDH release by dead cells. Data shown are mean ± SD of n = 2 independent 

experiments.  
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3.10 RV infection triggers distinctive cytokine profiles in HBECs and 

HLFs 

The capability of HLFs and HBECs to produce the proinflammatory cytokine CXCL8 and 

the antiviral cytokine CCL5 upon RV infection was assessed. Cells were infected with RV 

using a TCID50/ml range of 3.3x10
4
 to 1.0x10

7 
as described in Section 2.6.3. At 24 h p.i., cell-

free supernatants were collected to determine cytokine release, as measured by ELISA 

(Section 2.15).  

Based on two independent experiments, in response to RV, HLFs and HBECs secreted 

comparable amounts of CXCL8 in a dose-dependent manner (Figure 3.18A, C). Importantly, 

in contrast to HBECs, CCL5 proteins were not detected in HLFs (Figure 3.18B, D), which 

supports the findings obtained using cell lines (Section 3.5). At high concentrations of RV 

(TCID50/ml of 2.5x10
6
,
 
5.0x10

6 
and 1.0x10

7
), RV-16 was found to trigger higher levels of 

CXCL8 release from HLFs compared to RV-1B (Figure 3.18A). On the contrary, HBECs 

produced greater amounts of CXCL8 proteins when infected with RV-1B compared to RV-16 

(Figure 3.18C), although interestingly the amounts of CCL5 release were higher when this 

cell type was infected with RV-16 compared to RV-1B (Figure 3.18D). Similar to the results 

seen in RV-infected MRC-5 and BEAS-2B cell lines (Section 3.5), the UV-irradiated RV 

also induced a noticeable amount of CXCL8 in HLFs, but not in HBECs (Figure 3.18A, C).  

 

3.11 Higher viral replication occurs in HLFs compared to HBECs 

Having determined that HLFs were not able to produce the antiviral cytokines CCL5 and 

CXCL10, again it was hypothesised that this would cause higher viral replication to occur in 

this cell type. To examine this hypothesis, cells were infected with either RV-1B or RV-16 at 

the indicated TCID50/ml as described in Section 2.6.3. At 24 h p.i., HLFs (~4x10
5
) and 

HBECs (~5.6x10
5
) were lysed, total RNA extracted, cDNA synthesised and real-time PCR 

for RV performed, samples were then quantified against a standard curve of plasmids 

containing RV target sequence (Section 2.16-2.18).  

Based on two independent experiments, the results recapitulated the phenotype seen in RV-

infected MRC-5 and BEAS-2B cell lines (Section 3.6), whereby substantially higher 

intracellular viral RNA copies were detected in HLFs compared to HBECs, at 24 h p.i.  
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Figure 3. 18 In contrast to HBECs, HLFs only produce CXCL8, but not CCL5 in 

response to RV infection.  

Cells were infected with RV-1B or RV-16 as described in Section 2.6.3 at the indicated 

TCID50/ml. Filtrate and UV-RV control samples were prepared as described in Section 2.6.3. 

After 24 h, cell-free supernatants were collected, and CXCL8 (A, C) and CCL5 (B, D) 

release was measured by ELISA. Data shown are mean ± SD of n = 2 independent 

experiments.   

  

CCL5 was 

undetectable 

in HLF 

HLF HBEC 

A. 

B. 

C. 

D. 
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(Figure 3.19). For example, when cells were infected with 5.0x10
6
 TCID50/ml of RV-1B, 

~1.5x10
10

 RV copies were detected in HLFs, whilst only ~5.0x10
9
 RV copies were detected 

in BEAS-2B cells, after 24 h infection (Figure 3.19A). Similarly, initial infection with 

5.0x10
6
 TCID50/ml of RV-16 resulted in ~4.0x10

9
 RV copies produced in HLFs, whilst 

HBECs only gave ~2.0x10
9
 RV copies at 24 h p.i. (Figure 3.19B). 

 

3.12 RV infection of fibroblasts from patients with idiopathic 

pulmonary fibrosis 

IPF is a chronic lung disease of unknown aetiology that often leads to respiratory failure and 

death within 2-5 years of diagnosis (reviewed in Zolak and de Andrade, 2012). Depending on 

the rate of disease progression, patients suffering IPF have been divided mainly into two 

subgroups; the first group is those who remain stable for prolonged periods of time (slow 

progressors), whilst another group of patients display a rapid, stepwise progression of the 

disease with accelerated mortality (rapid progressors) (reviewed in Zolak and de Andrade, 

2012). There is increasing evidence that viruses such as HSV, EBV and TTV may contribute 

to the acute IPF exacerbations (Guenther et al., 2010, Lasithiotaki et al., 2011, Wootton et al., 

2011). Furthermore, one of the important hallmarks of IPF is the dysregulated, excessive 

proliferation of fibroblasts (fibrosis) in the lung (reviewed in Hoo and Whyte, 2012). Hence, 

in the current study the capability of RV to induce inflammatory responses in lung fibroblasts 

isolated from patients with slowly progressing or rapidly progressing IPF was explored.  

Primary Idiopathic Pulmonary Fibrosis patient fibroblasts (IPFFs) used in this study were a 

kind gift from Prof. C.M. Hogaboam, University of Michigan Medical School, USA. The 

IPFFs were obtained from surgical lung biopsies of patients exhibiting slow or rapid 

progression of IPF (see Section 2.6.3). Two samples of slow progressors and three of rapid 

progressors were utilised in this study, whereby each IPFF sample was isolated from a 

different donor.   
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Figure 3. 19 Higher viral replication occurs in HLFs compared to HBECs.   

Cells were infected with RV-1B (A) or RV-16 (B) as described in Section 2.6.3 at the 

indicated TCID50/ml. At 24 h p.i., HLFs (~4x10
5
)
 
and HBECs (~5.6x10

5
) were lysed, total 

RNA extracted, cDNA synthesised by RT and real-time PCR for RV performed. Data shown 

are mean ± SD of n = 2 independent experiments. 

A. 

B. 
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3.12.1 IPFFs obtained from slow and rapid progressor IPF patients have similar 

levels of cell death following RV infection 

The RV-triggered cytopathic cell death of IPFFs was first determined. IPFFs were infected 

with either RV-1B or RV-16 at TCID50/ml of 1.0x10
6
 (MOI ~0.3), 2.5x10

6 
(MOI ~0.75) or 

5.0x10
6 

(MOI ~1.5) as described in Section 2.6.3. Filtrate and UV control samples were 

prepared as described in Section 2.6.3. At 24 h p.i., samples were collected and cell death was 

quantified using LDH assay as described in Section 2.20.  

In keeping with the microscopic observations (data not shown), RV infection resulted in cell 

death of IPFFs in a dose-dependent manner (Figure 3.20). No obvious difference in cell death 

was found between slow and rapid progressors in response to RV-1B (Figure 3.20A) or RV-

16 (Figure 3.20B). In keeping with the results obtained using the MRC-5 fibroblast cell line 

(Section 3.3) and healthy HLFs (Section 3.9), fibroblasts from both slowly and rapidly 

progressive IPF patients were more susceptible to RV-1B (Figure 3.20A) as compared to RV-

16 (Figure 3.20B). For example, at 2.5x10
6
 TCID50/ml of RV, the degree of cell death seen in 

RV-1B-infected stable IPFFs (Figure 3.20A) was 2-fold greater than that detected in RV-16-

infected stable IPFFs (Figure 3.20B). 

3.12.2 IPFFs obtained from rapid progressor patients release higher levels of 

CXCL8 compared to IPFFs from slow progressor patients in response to 

RV infection 

The ability of RV to induce proinflammatory cytokine generation in IPFFs was then 

investigated. Cells were infected with RV as described in Section 3.12.1. After 24 h infection, 

cell-free supernatants were collected and cytokine release was measured by ELISA as 

described in Section 2.15. Note that our senior lab technician, Dr Linda Kay, performed 

ELISA analysis of the IPFF supernatants.  

As expected, RV-infected IPFFs produced the proinflammatory cytokine CXCL8 in a 

TCID50-dependent manner (Figure 3.21). Consistent with the results obtained using MRC-5 

cells (Section 3.5) and normal HLFs (Section 3.10), release of the antiviral cytokine CCL5 

from IPFFs was undetectable (data not shown). Due to the different number of samples 

available to conduct the experiments (i.e. 2 independent donors for stable IPF versus 3 for 

rapid IPF), statistics could not be performed on the data obtained. Despite this limitation, it 

could be observed that in response to RV infection, fibroblasts of rapidly progressing IPF  
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Figure 3. 20 IPFFs of stable and rapid progressors have similar levels of cell death 

following RV infection.             

Cells were infected with RV-1B (A) or RV-16 (B) as described in Section 2.6.3 at the 

indicated TCID50/ml. Filtrate and UV-RV control samples were prepared as described in 

Section 2.6.3. At 24 h p.i., cell death was measured as described in Section 2.20 and 

displayed as % LDH release by dead cells. Data shown are mean ± SEM of the results 

determined with samples collected from 2 (stable IPF) or 3 (rapid IPF) independent patients.    

  

A.  RV-1B 

B.  RV-16 
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Figure 3. 21 IPFFs of rapid progressors release higher levels of CXCL8 compared to 

IPFFs of stable progressors in response to RV infection.        

Cells were infected with RV-1B (A) or RV-16 (B) as described in Section 2.6.3 at the 

indicated TCID50/ml. Filtrate and UV-RV control samples were prepared as described in 

Section 2.6.3. After 24 h, cell-free supernatants were collected, and CXCL8 release was 

measured by ELISA. Data shown are mean ± SEM of the results determined with samples 

collected from 2 (stable IPF) or 3 (rapid IPF) independent patients. Note that our senior lab 

technician, Dr Linda Kay, performed ELISA analysis of the IPFF supernatants. LD = Limit 

of detection. 

A. 

B. 
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patients secreted greater amounts of CXCL8 (by ~3-fold) compared to slow progressor 

patient cells (Figure 3.21). For example, slowly progressor patient IPFFs only released 0.23 

ng/ml of CXCL8, whilst the cells from rapid progressor IPF patients produced 0.79 ng/ml of 

CXCL8, when infected with 5.0x10
6 
TCID50/ml of RV-1B (Figure 3.21A). Likewise, 2.5x10

6
 

TCID50/ml of RV-16 induced 0.56 ng/ml of CXCL8 in rapid IPF patient cells, compared to 

only 0.19 ng/ml in slowly progressive IPFFs (Figure 3.21B). Additionally, comparable to the 

results seen in MRC-5 fibroblasts (Section 3.5) and HLFs (Section 3.10), UV-irradiated RV 

was able to trigger CXCL8 release from both slow and rapid IPFFs (Figure 3.21).  

3.12.3 Comparable levels of viral replication occur within IPFFs obtained from 

slow and rapid progressor IPF patients  

The level of viral replication within IPFFs obtained from patients with slow and rapid 

progressor IPF was also examined. Cells were infected with RV as described in Section 

3.12.1. At 24 h p.i., cells were lysed, total RNA extracted, cDNA synthesised and real-time 

PCR for RV performed, samples were then quantified against a standard curve of plasmid 

containing RV target sequence (Section 2.16-2.18). Note that the RNA extraction and real-

time PCR involving the use of IPFF samples were performed by our senior lab technician, Dr 

Linda Kay. 

Figure 3.22A demonstrates that similar levels of RV-1B replication occurred in IPFFs of slow 

and rapid progressor. In contrast, replication of RV-16 appeared higher in cells obtained from 

slow progressor IPF patients compared to those from rapid progressor IPF patients (Figure 

3.22B). However, due to the large variation between patients, more samples are required to 

verify this finding.  

 

3.13 The proinflammatory cytokine IL-1β potentiates CXCL8 

production in RV-infected epithelial cells, but not in RV-infected 

fibroblasts 

The proinflammatory cytokine IL-1β has been shown to play a critical role in mediating 

airway inflammatory diseases such as asthma and COPD (reviewed in Dinarello, 2009). Our 

group has previously showed that IL-1β could induce CXCL8 release from various airway  
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Figure 3. 22 Similar levels of viral replication occur in IPFFs of stable and rapid 

progressors.  

Cells were infected with RV-1B (A) or RV-16 (B) as described in Section 2.6.3 at the 

indicated TCID50/ml. Filtrate and UV-RV control samples were prepared as described in 

Section 2.6.3. At 24 h p.i., cells were lysed, total RNA extracted, cDNA synthesised by RT 

and real-time PCR for RV performed. Data shown are mean ± SEM of the results determined 

with samples collected from 2 (stable IPF) or 3 (rapid IPF) independent patients. Note that 

the RNA extraction and real-time PCR involving the use of IPFF samples were performed by 

our senior lab technician, Dr Linda Kay. 
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tissue cells including epithelial cells and smooth muscle cells (Morris et al., 2006, Morris et 

al., 2005). Furthermore, our group has demonstrated that IL-1β could synergistically 

augmented CXCL8 release from poly(I:C)-stimulated cells (Morris et al., 2006). Therefore, 

in the present study, the potential ability for IL-1β to potentiate the proinflammatory response 

of structural airway cells infected with RV was explored.    

3.13.1 IL-1β potentiates CXCL8, but not CCL5 and CXCL10, release by RV-

infected BEAS-2B cells 

BEAS-2B cells were infected with RV-1B or RV-16 as described in Section 2.6.3 at 

TCID50/ml ranging from 4.0x10
5
 to 2.0x10

7
. Immediately following the initial infection, IL-

1β (0.1 ng/ml) was added to the virally-infected cells.  

As demonstrated in Figure 3.23A, RV-1B induced CXCL8 production in a dose-dependent 

manner. CXCL8 release from the BEAS-2B cells was markedly potentiated when the cells 

were costimulated with both IL-1β and RV-1B, compared to cells treated with IL-1β alone 

(by ~4.5-fold) or RV-1B alone (by ~6.5-fold), respectively (at TCID50/ml of 2.0x10
7
) (Figure 

3.23A). As expected, IL-1β treatment alone did not result in CCL5 and CXCL10 production, 

whilst all RV-1B-infected cells produced a substantial amount of both chemokines (Figure 

3.23B, C). Surprisingly, induction of CCL5 was significantly decreased (by ~46%) in cells 

dual-stimulated with RV-1B and IL-1β in comparison with RV-1B alone (Figure 3.23B). RV-

16-infected BEAS-2B cells elicited similar patterns of cytokine generation to that of RV-1B-

infected cells when costimulated with IL-1β (Figure 3.23, 3.24).  

3.13.2 IL-1β does not potentiate CXCL8 release by RV-1B infected MRC-5 cells  

As IL-1β amplified CXCL8 production in BEAS-2B epithelial cells infected with RV-1B 

(Section 3.13.1), the effect of IL-1β on CXCL8 release in response to RV-1B infection was 

determined in MRC-5 cells. Unlike the enhancement observed in BEAS-2B cells, 

costimulation with RV-1B (TCID50/ml of 4.0x10
5
 and 4.0x10

6
) and IL-1β (0.1 and 1 ng/ml) 

did not result in the potentiation of CXCL8 production in MRC-5 cells (Figure 3.25). CCL5 

release was undetectable in RV-infected MRC-5 cells (data not shown).   
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Figure 3. 23 Proinflammatory cytokine IL-1β potentiates CXCL8, but not CCL5 and 

CXCL10, release by RV-1B-infected BEAS-2B cells.  

BEAS-2B cells were infected with RV-1B as described in Section 2.6.3 at the indicated 

TCID50/ml. Following incubation with RV-1B for 1 h, virus was removed, media replaced, 

and cells were immediately stimulated with IL-1β (0.1 ng/ml). After 24 h, cell-free 

supernatants were collected and CXCL8 (A), CCL5 (B) and CXCL10 (C) release was 

measured by ELISA. Data shown are mean ± SEM of n = 4 (A, B) or n = 3 (C) independent 

experiments. Significant differences are indicated by *p<0.05, ***p<0.001 and 

****p<0.0001 (versus media control at the same TCID50/ml), as measured by two-way 

ANOVA with Bonferroni’s post-test. LD = Limit of detection. 

A. 

B. 

C. 
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Figure 3. 24 IL-1β potentiates CXCL8, but not CCL5, release by RV-16-infected 

BEAS-2B cells. 

BEAS-2B cells were infected with RV-16 as described in Section 2.6.3 at the indicated 

TCID50/ml. Following incubation with RV-16 for 1 h, virus was removed, media replaced, 

and cells were immediately stimulated with IL-1β (0.1 ng/ml). After 24 h, cell-free 

supernatants were collected and CXCL8 (A) and CCL5 (B) release was measured by ELISA. 

Data shown are mean ± SEM of n = 3 independent experiments. Significant differences are 

indicated by *p<0.05 and ****p<0.0001 (versus media control at the same TCID50/ml), as 

measured by two-way ANOVA with Bonferroni’s post-test. LD = Limit of detection.  
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Figure 3. 25 IL-1β does not potentiate RV-1B-induced CXCL8 release by MRC-5 cells.  

MRC-5 cells were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. 

Following incubation with RV-1B for 1 h, virus was removed, and cells were immediately stimulated 

with IL-1β at the indicated concentrations. After 24 h, cell-free supernatants were collected, and 

CXCL8 release was measured by ELISA. Data shown are mean ± SEM of n = 3 independent 

experiments. No significant differences were obtained (RV-infected versus media control at the same 

IL-1β concentration), as measured by two-way ANOVA with Bonferroni’s post-test.   
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3.13.3 IL-1β does not potentiate CXCL8 release from RV-infected HLFs, but 

alone induces high CXCL8 release from HLFs 

 

As shown in the previous sections (3.13.1 and 3.13.2), the proinflammatory cytokine IL-1β 

can potentiate the release of CXCL8 from the RV-infected BEAS-2B epithelial cell line, but 

not the MRC-5 fibroblast cell line. Hence, I next wished to determine if similar findings 

would be obtained in HLFs. HLFs were infected with RV-1B or RV-16 as described in 

Section 2.6.3 at TCID50/ml of 4.0x10
5
, 1.0x10

6
, 2.5x10

6
 and 5.0x10

6
. Immediately following 

the initial infection, IL-1β (0.1 ng/ml) was added to the RV-infected cells.  

Based on two independent experiments, in keeping with the results obtained from RV-

infected MRC-5 fibroblasts (Section 3.13.2), costimulation with RV and IL-1β did not result 

in the amplification of CXCL8 generation in HLFs (Figure 3.26, 3.27). Interestingly, 

although there was no potentiation of CXCL8 release from the HLFs following costimulation 

with RV and IL-1β, IL-1β alone induced a very high level of CXCL8 (~270 ng/ml) (Figure 

3.26, 3.27). As described in Section 3.10, HLFs produced CXCL8 in response to RV in a 

dose-dependent manner (Figure 3.26, 3.27) and CCL5 release was not detected following 

RV-infection of HLFs (data not shown).  

3.13.4 IL-1β does not affect cell death of RV-1B-infected MRC-5 and BEAS-2B 

cells  

As IL-1β potentiates CXCL8 release in response to RV-1B infection in BEAS-2B cells 

(Section 3.13.1), confirmation was sought that this effect was not due to IL-1β protecting 

cells from virally-induced cell death, allowing more to remain alive to produce cytokines. 

MRC-5 and BEAS-2B cells were infected with RV-1B at TCID50/ml of 4.0x10
6
 and 1.0x10

7
 

as described in Section 2.6.3 and then immediately stimulated with IL-1β for 24 h, and cell-

free supernatants collected to measure LDH release. IL-1β had no effect on cell death 

induced by RV-1B infection in MRC-5 (Figure 3.28A) or BEAS-2B cells (Figure 3.28B).  
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Figure 3. 26 IL-1β does not potentiate CXCL8 release from RV-1B-infected HLFs, but 

alone induces high CXCL8 release from HLFs.  

HLFs were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. 

Following incubation with RV-1B for 1 h, virus was removed, and cells were immediately 

stimulated with IL-1β (0.1 ng/ml). After 24 h, cell-free supernatants were collected, and 

CXCL8 release was measured by ELISA. Data shown are mean ± SD of n = 2 independent 

experiments.  
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Figure 3. 27 IL-1β does not potentiate CXCL8 release from RV-16-infected HLFs. 

HLFs were infected with RV-16 as described in Section 2.6.3 at the indicated TCID50/ml. 

Following incubation with RV-16 for 1 h, virus was removed, and cells were immediately 

stimulated with IL-1β (0.1 ng/ml). After 24 h, cell-free supernatants were collected, and 

CXCL8 release was measured by ELISA. Data shown are mean ± SD of n = 2 independent 

experiments.  
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Figure 3. 28 IL-1β does not affect cell death induced by RV-1B infection of MRC-5 or 

BEAS-2B cells.  

Cells were infected with RV-1B as described in Section 2.6.3 at the indicated TCID50/ml. 

Following incubation with RV-1B for 1 h, virus was removed, media replaced, and cells were 

stimulated with IL-1β (10 ng/ml) (A) or (0.1 ng/ml) (B). After 24 h, cell death was measured 

as described in Section 2.20 and displayed as % LDH release by dead cells. Data shown are 

mean ± SD of n = 2 (A) or mean ± SEM of n = 3 (B) independent experiments. 
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3.13.5 IL-1β does not regulate viral replication in BEAS-2B epithelial cells 

IL-1β potentiates CXCL8, but inhibits release of the IFN-inducible chemokine CCL5, in 

response to RV-1B infection in BEAS-2B cells (Section 3.13.1). The reduction in CCL5 may 

indicate that IL-1β could indirectly influence viral replication by down-modulating the cells 

ability to produce anti-viral cytokines and thus control replication. BEAS-2B cells were 

infected with RV-1B as described in Section 2.6.3 and then stimulated with IL-1β (0.1 ng/ml) 

for 24 h. Cells (~6.1x10
5
) were lysed, cDNA synthesised and real-time PCR for RV-1B 

performed (Section 2.16-2.18). In contrast to its effects on cytokine release, IL-1β did not 

regulate viral replication in BEAS-2B cells (Figure 3.29).  

 

3.14 In the presence of monocytes, LPS potentiates cytokine release 

from BEAS-2B cells infected with RV-1B or stimulated with 

poly(I:C)  

Clinical studies have reported that severe exacerbations of asthma and COPD can be caused 

by coinfection with bacterial and viral pathogens (Wilkinson et al., 2006, Louie et al., 2009). 

Our group has previously shown that the bacterial-derived LPS most effectively activated 

CXCL8 generation from airway epithelial cells and airway smooth muscle cells in the 

presence of monocytes, but not T cells (Morris et al., 2005, Chaudhuri et al., 2010). 

Furthermore, our group has demonstrated that costimulation with the viral dsRNA mimic 

poly(I:C) and LPS enhanced CXCL8 release by BEAS-2B epithelial cells in the presence of 

PBMCs, by which the activating cell type within the PBMC populations has been previously 

shown to be the monocyte (Morris et al., 2006, Morris et al., 2005). Therefore, to investigate 

whether BEAS-2B cell inflammatory responses could be amplified by concurrent 

stimulations with RV-1B and LPS, experiments were performed by stimulating BEAS-2B 

cells alone, or BEAS-2B/monocyte cocultures (created with the addition of 9500 highly 

purified CD14
+ 

monocytes/well following infection with RV-1B (TCID50/ml of 2.0x10
6
, 

5.0x10
6 

and 1.0x10
7
)
 
and LPS (0.1 ng/ml) (Section 2.7.3).  
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Figure 3. 29 IL-1β does not regulate viral replication in BEAS-2B epithelial cells.  

BEAS-2B cells were infected with RV-1B as described in Section 2.6.3 at the indicated 

TCID50/ml. Following incubation with RV-1B for 1 h, virus was removed, media replaced, 

cells then immediately stimulated with IL-1β (0.1 ng/ml). At 24 h p.i., cells (~6.1 x 10
5
) were 

lysed, total RNA extracted, cDNA synthesised by RT and real-time PCR for RV-1B 

performed. Data shown are mean ± SEM of n = 3 independent experiments. No significant 

differences were obtained (IL-1β-treated sample versus media control at the same TCID50/ml 

of RV), as measured by two-way ANOVA with Bonferroni’s post-test.  
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As expected, RV-1B infection triggered the concentration-dependent release of CXCL8 and 

CCL5 from BEAS-2B cells (Figure 3.30A, B). In the absence of monocytes, LPS did not 

amplify CXCL8 or CCL5 release from RV-1B infected cells (Figure 3.30A, B). Importantly, 

in the presence of monocytes LPS drastically enhanced CXCL8 (Figure 3.30C), but not 

CCL5 (Figure 3.30D), cytokine release from BEAS-2B cells infected with RV-1B. For 

example, when the BEAS-2B cells were costimulated with 1.0x10
7 

TCID50/ml of RV-1B and 

LPS in the absence of monocytes, only ~6 ng/ml of CXCL8 protein was detected (Figure 

3.30A), and when the same concentrations of RV-1B and LPS were used to infect BEAS-2B 

in the presence of monocytes, ~200 ng/ml of CXCL8 protein was measured (Figure 3.30C). 

The same potentiation was observed when a higher concentration of LPS (10 ng/ml) was used 

(data not shown). Note that based on two independent experiments (i.e. the first and second 

experiments performed for the data shown in Figure 3.30), CXCL8 or CCL5 release was 

undetectable when the single-culture of monocytes was stimulated with RV-1B or LPS (data 

not shown).  

To determine if poly(I:C)/LPS costimulation elicited the same effect as RV-1B/LPS 

cotreatment, BEAS-2B cells alone, or BEAS-2B/monocyte cocultures were stimulated with 

poly(I:C) (1, 10, 100 µg/ml) in the presence or absence of LPS (0.1 ng/ml). Poly(I:C) alone 

induced higher levels of CXCL8 and CCL5 release from BEAS-2B cells (Figure 3.31A, B) 

when compared to RV-1B-infected BEAS-2B cells (Figure 3.30A, B). In keeping with the 

RV-1B data (Figure 3.30), in the absence of monocytes LPS alone had no effect on CXCL8 

or CCL5 release and its presence did not amplify the poly(I:C)-induced cytokine production 

in BEAS-2B cells (Figure 3.31A, B). However, when BEAS-2B/monocyte cocultures were 

dual-stimulated with LPS and poly(I:C), CXCL8 release was significantly potentiated (Figure 

3.31C), compared to the BEAS-2B cells alone (Figure 3.31A), whilst CCL5 release was not 

modulated (Figure 3.31D). For example, in the absence of monocytes 1 µg/ml poly(I:C) with 

LPS costimulation only caused ~50 ng/ml of CXCL8 release (Figure 3.31A), whilst in the 

presence of monocytes, the same concentrations of stimuli resulted in ~180 ng/ml of CXCL8 

release (Figure 3.31C). Of note, the effect of poly(I:C) in stimulating CXCL8 production in 

the BEAS-2B cells was maximal at the concentration of 10 µg/ml. 
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Figure 3. 30 In the presence of monocytes, LPS potentiates cytokine release from 

BEAS-2B cells infected with RV-1B. 

BEAS-2B cells were infected with RV-1B as described in Section 2.6.3 at the indicated 

TCID50/ml, followed by stimulation with media or LPS (0.1 ng/ml). Cocultures were created 

with the addition of 9500 highly purified CD14
+ 

monocytes. After 24 h, cell-free supernatants 

were collected and the release of CXCL8 (A, C) and CCL5 (B, D) measured by ELISA. Data 

shown are mean ± SEM of n = 4, with each replicate performed on separate passages of 

BEAS-2B cells with freshly prepared monocytes from independent donors. Significant 

differences are indicated by **p<0.01 and ***p<0.001 (versus LPS + Monocytes alone), as 

measured by two-way ANOVA with Bonferroni’s post-test. LD = Limit of detection. 

CXCL8 CCL5 

A. B. 
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Figure 3. 31 In the presence of monocytes, LPS potentiates cytokine release from 

BEAS-2B cells stimulated with poly(I:C). 

BEAS-2B cells were stimulated with LPS (0.1 ng/ml) alone or dual-stimulated with LPS (0.1 

ng/ml) and Poly(I:C) (1, 10, 100 µg/ml). Cocultures were created with the addition of 9500 

highly purified CD14
+ 

monocytes. After 24 h, cell-free supernatants were collected and the 

release of CXCL8 (A, C), and CCL5 (B, D) measured by ELISA. Data shown are mean ± 

SEM of n = 4, with each replicate performed on separate passages of BEAS-2B cells with 

freshly prepared monocytes from independent donors. Significant differences are indicated 

by *p<0.05, **p<0.01 and ***p<0.001 (versus LPS+Monocytes alone), as measured by two-

way ANOVA with Bonferroni’s post-test. LD = Limit of detection.  
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3.15 Discussion  

3.15.1 Summary 

The findings presented in this chapter reveal that normal human airway fibroblasts and 

epithelial cells express distinct mRNA expression profiles of viral RNA-detecting PRRs and 

the key signalling molecules involved in viral recognition and type I IFN production. 

Importantly, RV infection induced differential responses in lung epithelial cells and 

fibroblasts. Fibroblasts were highly permissive for RV replication which resulted in major 

cell death, and whilst they were able to secrete proinflammatory cytokines following RV 

infection, they did not produce antiviral cytokines. The work presented here demonstrated the 

permissiveness of lung fibroblasts isolated from IPF patients to RV infection. This study also 

revealed for the first time the ability of IL-1β to enhance proinflammatory responses of RV-

1B-infected epithelial cells. Furthermore, this study 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. 

 

3.15.2 A role for fibroblasts in mediating airway inflammation following RV 

infection 

Whilst the inflammatory responses induced by RV infection of airway epithelial cells are 

well documented, very little is known about the ability of lung fibroblasts to amplify 

inflammation as a result of RV infection. Therefore, this study aimed to investigate the ability 

of RV to infect tissues beyond epithelium, particularly fibroblasts, which may contribute to 

the virally-induced exacerbations of COPD. 

This study first utilised the MRC-5 cell line as a model of lung fibroblasts to study the effect 

of RV infection in this cell type. In fact, MRC-5 cells have been used to propagate and isolate 

RV from nasopharyngeal and throat swab clinical specimens (Geist and Hayden, 1985). The 

current study demonstrated that, in response to RV infection, MRC-5 fibroblasts secreted the 

proinflammatory cytokines CXCL8 and IL-6 in a TCID50-dependent manner. To validate the 

results obtained using a cell line, primary lung fibroblasts were then used. Similar to the 

results seen in the MRC-5 cell line, primary HLFs also produced CXCL8 upon RV infection. 

These findings were in agreement with the results attained by other studies which have also 
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examined the inflammatory responses of primary airway fibroblasts to RV-1B and RV-16 

(Van Ly et al., 2011, Bedke et al., 2009, Thomas et al., 2009). Apart from CXCL8, it has 

been reported that RV-infected primary airway fibroblasts can also release another 

neutrophil-recruiting chemokine, CXCL5 [previously known as epithelial-derived neutrophil-

activating peptide 78 (ENA-78)] (Thomas et al., 2009, Ghildyal et al., 2005). In addition, 

production of CXCL8 and IL-6 in the MRC-5 fibroblasts in response to RV-39 (major group 

RV), RV-14 (major group RV) and RV-1A (minor group RV) infection was shown to be 

elicited by the classic NF-κB-dependent transcriptional activation pathways (Zhu et al., 1997, 

Zhu et al., 1996).  

Intriguingly, in contrast to the results seen when airway epithelial cells were exposed to UV-

irradiated-virus, production of CXCL8 and IL-6 was detected in the UV-RV-treated 

fibroblasts. This is consistent with the findings obtained by Bedke et al. by which they found 

that UV-irradiated RV-1B could trigger CXCL8 and IL-6 generation by primary bronchial 

fibroblasts (Bedke et al., 2009). Furthermore, using primary human airway smooth muscle 

cells (ASMCs), a study showed that UV-inactivated RV-16 could also induce CXCL8 and 

IL-6 release by this cell type (Oliver et al., 2006). This suggests that in mesenchymal cells 

(i.e. fibroblasts and ASMCs), generation of CXCL8 and IL-6 can occur independently of 

viral replication. As suggested by several studies (Grunstein et al., 2001, Johnston et al., 

1998), one of the potential mechanisms of cytokine induction by UV-RV is via virus-receptor 

interaction. Johnston et al. found that inductions of both CXCL8 mRNA expression and 

protein release in A549 cells (an alveolar epithelial cell line) were reduced by only ~50% 

when RV-9 (major group RV) replication was inhibited by UV radiation. However, they 

demonstrated that prevention of virus-receptor binding (by pre-coating the virus with soluble 

recombinant ICAM-1, the receptor for major group RV), completely suppressed CXCL8 

protein release upon RV-9 infection (Johnston et al., 1998). Similarly, in their studies of 

primary ASMCs, Grunstein and colleagues showed that whilst RV-16 replication was 

completely attenuated by UV radiation, UV-irradiated RV-16 remained fully capable of 

inducing IL-5 and IL-1β production (Grunstein et al., 2001). However, the UV-RV-induced 

cytokine release was substantially inhibited when the cells were pre-treated with a 

neutralising antibody against ICAM-1 (Grunstein et al., 2001). Taking this idea into 

consideration, further work should be done to examine if CXCL8 induction by UV-

inactivated RV in fibroblasts could be inhibited by blocking the host cell receptors with the 

relevant neutralising antibodies. An alternative explanation for the ability of UV-RV to 
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trigger CXCL8 production in fibroblasts, but not in epithelial cells, could be that fibroblasts 

are able to respond to cytokines or damage-associated molecular patterns released by the 

HeLa Ohio cells during propagation of the virus. Again, further study is required to test this 

hypothesis.  

The proinflammatory cytokine IL-1β has been shown to play a vital role in mediating airway 

inflammatory diseases such as asthma and COPD (reviewed in Dinarello, 2009). Our group 

has previously demonstrated that exogenous IL-1β could induce CXCL8 release from various 

airway tissue cells including epithelial cells and smooth muscle cells (Morris et al., 2006, 

Morris et al., 2005). Furthermore, our group has shown that IL-1β could synergistically 

amplified CXCL8 production from poly(I:C)-stimulated cells (Morris et al., 2006). Therefore, 

in the current study, the possible ability of IL-1β to amplify the inflammatory responses 

induced by RV infection was ascertained. Addition of exogenous IL-1β caused prominent 

synergistic potentiation of CXCL8 release from the BEAS-2B epithelial cells in response to 

RV infection, which was in agreement with the data previously obtained in our group using 

poly(I:C) and IL-1β dual-stimulation (Morris et al., 2006). In contrast, IL-1β did not 

accentuate CXCL8 production in RV-infected MRC-5 fibroblasts. The potential explanations 

for these distinct effects of exogenous IL-1β on CXCL8 generation in airway epithelial cells 

and fibroblasts are discussed in Section 3.15.6. Despite the lack of potentiating effect of IL-

1β on CXCL8 release in RV-infected fibroblasts, it is interesting to see that IL-1β alone 

triggered a high level of CXCL8 release from these structural airway cells. It is known that 

apart from the ability of the airway epithelial cells to produce CXCL8 in response to IL-1β 

stimulation, this cell type can itself secrete IL-1β following RV infection (Piper et al., 2013, 

Shi et al., 2012, Stokes et al., 2011). Therefore, in the context of cellular inflammatory 

networks, it is highly plausible that the IL-1β derived from the epithelial cells (as a result of 

viral infection) may then stimulate the neighbouring fibroblasts to further release CXCL8, 

consequently amplifying the neutrophilic airway inflammation. 

This study is the first to demonstrate that, in comparison to bronchial epithelial cells, 

fibroblasts allow higher viral replication to take place. This might explain why RV induced 

major cell death of this cell type, as compared to epithelial cells. Viruses replicate within the 

host cells, produce more virions and the newly synthesised virions are released by lysing the 

cells. Furthermore, poly(I:C) stimulation did not result in cell death implying that the cell 

death was not a host-mediated cell death (as a response against PRR activation) but rather 
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was a virally-induced cell death. The RV-triggered dead fibroblasts may release cell damage 

products such as high-mobility group box 1 (HMGB1) that could elevate inflammation in the 

airway (Ferhani et al., 2010). HMGB1 has a distinct structure to chemokines but has all 

characteristics of a chemokine. It is a nuclear protein that can be released out of the cell 

during inflammation (reviewed in Degryse and de Virgilio, 2003). Scaffidi and co-workers 

demonstrated that HMGB1
-/- 

mouse embryonic fibroblasts (MEFs) have remarkably reduced 

capability to promote inflammation as compared to the wild-type MEFs (Scaffidi et al., 

2002). Furthermore, a recent study showed that HMGB1 is increased in BALF taken from 

patients with COPD (Ferhani et al., 2010).  

Taken together, the data suggests that fibroblasts may play an important role in virally-

induced exacerbations of COPD. The fact that fibroblasts numbers are increased in COPD 

(reviewed in Araya and Nishimura, 2010) implies that more RV replication can take place, 

hence worsening the inflammation in this airway disease.  

 

3.15.3 RV infection as a potential cause of exacerbations of IPF 

There is a growing body of evidence proposing a role for viruses, such as HSV and EBV, in 

causing acute exacerbations of IPF (Guenther et al., 2010, Lasithiotaki et al., 2011, Wootton 

et al., 2011). The course of IPF is variable, some IPF patients remain stable for prolonged 

periods of time (slow progressors), whilst others experience a rapid, stepwise progression of 

the disease with accelerated mortality (rapid progressors) (reviewed in Hogaboam et al., 

2012). Therefore, this study aimed to explore the ability of RV to induce inflammatory 

responses in lung fibroblasts isolated from patients with IPF, and to determine whether 

distinct responses are triggered by RV infection in the IPFFs of rapidly progressing IPF 

patients and slowly progressing IPF patients. The work presented here demonstrates for the 

first time the permissiveness of lung fibroblasts isolated from IPF patients to RV infection. 

Importantly, it was revealed that cells of rapid IPF progressors released higher 

proinflammatory cytokine CXCL8 compared to that of slow IPF progressors, implicating a 

possible role for RV infection in triggering IPF exacerbations.  
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3.15.4 RV infection induces differential responses by airway epithelial cells and 

fibroblasts 

This study aimed to investigate whether differences existed between the responses of airway 

epithelial cells and fibroblasts to RV infection. The data in this chapter demonstrates that RV 

induced differential responses in airway epithelial cells and fibroblasts. Of great importance 

is that RV caused much higher cell death in lung fibroblasts compared to epithelial cells, and 

this is believed to be due to the greater permissiveness of fibroblasts to viral replication 

compared to epithelial cells. The levels of cytokine production between bronchial epithelial 

cells and fibroblasts as a result of RV infection were also found to be dissimilar, with much 

greater level of CXCL8 release detected from RV-infected epithelial cells compared to RV-

infected fibroblasts. Importantly, in contrast to airway epithelial cells, fibroblasts did not 

produce the antiviral cytokines CCL5 and CXCL10 in response to RV infection. Subsequent 

experiments indicated that this might be due to the lack of upregulation of viral-detecting 

PRRs and key signalling molecules (e.g. IRF7) expression that are required for the induction 

of these proinflammatory and antiviral cytokines in the airway fibroblasts in response to RV 

infection.  

Viral RNA is detected by two-receptor systems: TLRs and RLRs (Section 1.4). TLRs (i.e. 

TLR3, TLR7 and TLR8) detect viral RNA in the endosomal compartments, whilst RLRs (i.e. 

RIG-I and MDA5) recognise cytoplasmic viral RNA. This study determined the expression 

of these viral-detecting PRRs in structural airway lung fibroblasts and epithelial cells at the 

mRNA level. As a control, expression of viral-detecting PRRs was explored in monocytes, an 

innate immune cell. This work demonstrated that BEAS-2B epithelial cells and MRC-5 

fibroblasts expressed the dsRNA-detecting PRR TLR3, in keeping with previous studies 

(Matsumoto et al., 2002, Jorgenson et al., 2005, Rudd et al., 2005, Morris et al., 2006). In 

contrast, the viral ssRNA PRRs TLR7 and TLR8 mRNA were not expressed in BEAS-2B 

cells, consistent with several studies done using BEAS-2B cells (Homma et al., 2004, Sha et 

al., 2004) and primary HBECs (Ritter et al., 2005). In agreement with previous reports (Pan 

et al., 2011, Bekeredjian-Ding et al., 2006), monocytes on the other hand constitutively 

expressed both TLR7 and TLR8, but not TLR3. These observations partly explain our 

group’s previous findings that BEAS-2B cells did not respond to TLR7/8 agonist 

gardiquimod; whilst PBMCs (which normally consist of 70-75% lymphocytes, 10-15% 

monocytes, 5-8% eosinophils, and <5% neutrophils (Harding and Yang, 1984) did respond to 
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this TLR7/8 agonist (Parker et al., 2008). Slater and co-workers have also shown that TLR7/8 

stimulation did not induce cytokine secretion in primary HBECs (Slater et al., 2010), 

although this is in contrast to the results obtained by other studies (Sykes et al., 2013, 

Triantafilou et al., 2011). Very recently, Sykes and colleagues reported that TLR7/TLR8 

stimulation with resiquimod induced production of several cytokines including CXCL8, IL-6 

and IFN-λ in primary HBECs (Sykes et al., 2013). Likewise, Triantafilou et al. demonstrated 

that upon stimulation with RV-6 naked ssRNA, primary HBECs released IL-6 and IFN-β 

proteins, and this cytokine secretion was reduced when TLR7 or TLR8 expression was 

knocked down using small-interfering RNA (siRNA) (Triantafilou et al., 2011).  

To date, little is known regarding the expression of PRRs in lung fibroblasts. Here it was 

revealed for the first time that like other structural tissue cells, including airway smooth 

muscle cells (Morris et al., 2006), lung fibroblasts did not express TLR7 and TLR8. Of 

relevance, it has been reported that human fibroblasts isolated from other organs (i.e. skin and 

prostate) also elicited undetectable TLR7 and TLR8 (Agarwal et al., 2011, Kiniwa et al., 

2007). Consistent with previous studies (Wang et al., 2009, Le Goffic et al., 2007), BEAS-2B 

cells constitutively expressed both RLRs RIG-I and MDA5, as determined at the mRNA 

level. To date, one study has reported expression of both RLRs in mouse lung fibroblasts 

(Satoh et al., 2010), the work presented here is therefore the first to demonstrate the basal 

expression of RIG-I and MDA5 in human lung fibroblasts. 

In addition to the PRRs, this study has determined the baseline expression of the 

mitochondrial adaptor molecule MAVS (also known as IPS-1/VISA/Cardif) in structural 

airway BEAS-2B and MRC-5 cells, as well as in monocytes. MAVS is a CARD domain-

containing protein that is involved in RLR signalling pathways (Section 1.5.3), and has been 

shown to be crucial in antiviral innate immune response (reviewed in Seth et al., 2006). Slater 

et al. demonstrated that knockdown of MAVS reduced the RV-1B-induced production of 

several proinflammatory and antiviral cytokines including CXCL8, IFN-β, CCL5 and 

CXCL10 in primary HBECs (Slater et al., 2010). The current work showed that BEAS-2B 

cells constitutively express MAVS, in accordance with a previous study (Le Goffic et al., 

2007), but is the first to report that human lung fibroblasts also constitutively expressed 

MAVS, whereas monocytes did not, as determined at the level of mRNA.  

The work presented here showing that unlike airway epithelial cells, fibroblasts were not able 

to produce the antiviral CCL5 protein, is consistent with a previous study conducted by 
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Bedke and colleagues in primary bronchial fibroblasts (Bedke et al., 2009). Furthermore, 

production of CXCL10 protein by lung fibroblasts following RV infection was also 

undetectable. This indicates the lack of IFN production in this cell type since both CCL5 and 

CXCL10 are IFN-stimulated genes (ISGs). Indeed, studies which immediately preceded or 

were published during the course of this work have also shown that primary airway 

fibroblasts do not generate IFN-β, IFN-λ1 and IFN-λ2 in response to RV infection (Van Ly et 

al., 2011, Bedke et al., 2009).  

The regulation of viral-detecting PRRs and the adaptor molecule MAVS by RV infection in 

both MRC-5 and BEAS-2B cells was also investigated, and the results revealed that their 

modulation is cell-type specific. However, similar patterns of regulation were exhibited by 

the two RV serotypes RV-1B and RV-16. The finding that mRNA expression of the PRRs 

TLR3, RIG-I and MDA5 was upregulated by RV infection in BEAS-2B epithelial cells are 

consistent with previous studies which also detected upregulation of the expression of these 

three PRRs in BEAS-2B cells and primary HBECs following RV-1B infection (Slater et al., 

2010, Wang et al., 2009). Interestingly, TLR3 expression in MRC-5 fibroblasts was not 

affected by RV infection, whilst the cytosolic PRRs RIG-I and MDA5 expression were 

upregulated in this cell type, although to a lesser extent than that in BEAS-2B epithelial cells. 

However, additional experiments using a more sensitive technique such as qPCR are required 

to confirm these findings. The current data showing upregulation of RIG-I and MDA5, but 

not MAVS gene expression in BEAS-2B cells by RV is consistent with the results obtained 

using influenza A virus, which is also a common pathogenic respiratory virus (Le Goffic et 

al., 2007).   

The results presented here show that in MRC-5 fibroblasts, RIG-I and MDA5 mRNA 

expression could be upregulated without concurrent TLR3 upregulation by RV infection, 

which are in contrast to the findings obtained by Slater and colleagues using primary HBECs 

(Slater et al., 2010). Slater and colleagues suggests that innate immune response in primary 

HBECs involves co-ordinated recognition of RV infection, initially via TLR3 and later via 

RLRs (Slater et al., 2010). The authors claimed that TLR3 is responsible for the initial 

recognition of RV dsRNA within primary bronchial epithelium, and that activation of the 

TLR3-mediated signalling pathway leads to the production of IFN and subsequently triggers 

RIG-I and MDA5 protein production. They demonstrated that siRNA specific for TLR3 

reduced RV-1B-induced RIG-I and MDA5 gene expression. Although the current study 
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showed that RIG-I and MDA5 mRNA expression in MRC-5 fibroblasts was upregulated 

independently of TLR3 upregulation, further work is required to explore the expression of 

these intracellular RNA helicases at the protein level. Of relevance, Slater and co-workers 

demonstrated that although they detected basal mRNA expression of RIG-I and MDA5 in 

HBECs, both RIG-I and MDA5 proteins are not constitutively expressed in HBECs, and 

instead are virally-induced proteins (Slater et al., 2010).  

Other distinct responses of MRC-5 fibroblasts and BEAS-2B epithelial cells to RV infection 

are the different levels of transcription factor IRF expression upon RV infection. IRFs are a 

family of transcription factors responsible for induction of type I and III IFN production 

(reviewed in Honda and Taniguchi, 2006). RV infection remarkably enhanced the expression 

of IRF1 mRNA in BEAS-2B cells, which is consistent with the results acquired by a study 

using qPCR (Zaheer and Proud, 2010). In keeping with the work conducted by Wang and 

colleagues using qPCR (Wang et al., 2009), RV also intensified the mRNA expression of 

IRF7 in BEAS-2B epithelial cells. This work is the first to demonstrate that RV did not 

modulate the expression of IRF1 and IRF3 mRNA in lung fibroblasts, whilst a very modest 

increase in IRF7 mRNA expression was observed in lung fibroblasts following RV-1B 

infection. Again, additional experiments using qPCR are required to validate these findings.  

Collectively, the results discussed in this section indicate that in comparison to BEAS-2B 

bronchial epithelial cells, the lack of viral-detecting PRRs TLR3, RIG-I, MDA5 and virally-

induced transcription factors IRF1 and IRF7 in MRC-5 fibroblasts may be a potential 

explanation as to why the fibroblasts did not secrete the IFN-stimulated cytokines CCL5 and 

CXCL10 (indicating that the RV-infected fibroblasts did not produce IFNs), therefore 

providing no antiviral response to limit viral replication, with concomitant cell death. The 

possible explanations for the lack of antiviral responses of lung fibroblasts to RV infection 

are discussed in greater details in the following section (Section 3.15.5).  

 

3.15.5 The lack of antiviral responses of lung fibroblasts to RV infection 

TLR3, RIG-I and MDA5 have been shown to be crucial in controlling RV replication, which 

is believed to be due to subsequent production of IFN-β following recognition of the RV by 

the three PRRs (Slater et al., 2010). Thus, the low expression of TLR3, RIG-I and MDA5 in 

MRC-5 fibroblasts may leave them highly susceptible to RV infection through their inability 
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to produce IFN-β. Indeed, pre-treatment with exogenous IFN-β protected primary fibroblasts 

from RV-induced cell death with concomitant reduction of viral replication (Bedke et al., 

2009, Thomas et al., 2009).  

IFNs play crucial roles in the antiviral innate immune response. There are three different 

types of IFNs: type I, II and III. Type I IFNs include IFN-α and IFN-β, type II IFN is 

represented by a single gene product, IFN-γ and type III IFNs include IFN-λ1, - λ2 and λ3 

(reviewed in Trinchieri, 2010). Among all types of IFNs, type I IFNs are the best 

characterised. Upon viral infection, type I IFNs such as IFN-β and IFN-α are produced by the 

virally-infected cells. The newly secreted IFN-β and IFN-α then trigger expression of over 

300 ISGs in neighbouring cells via binding to the cell surface receptors (IFNAR1/2) that 

eventually activates the Janus kinase (Jak)/signal transducer and activator of transcription 

(STAT) signalling pathways (Reviwed in Samuel, 2001, Grandvaux et al., 2002). The newly 

produced ISGs that have antiviral actions include protein kinase R (PKR) (inhibits mRNA 

translation and cell growth), the 2’-5’-oligoadenylate synthetase (OAS) (induces RNA 

degradation) and Mx protein GTPase (inhibits viral nucleocapsid transport and viral RNA 

synthesis) (reviewed in Grandvaux et al., 2002, Trinchieri, 2010).  

Production of type I IFNs is mainly controlled at the gene transcriptional level where 

members of the IRF family of transcription factors act as major regulators of the type I 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. IRF3, which is constitutively expressed in most cells, is responsible for the initial 

induction of IFN-β and IFN-α production by the virally-infected cells. The newly produced 

IFN-β and IFN-α then exert a positive feedback loop by inducing the transcription of IRF7 

(therefore IRF7 itself is an ISG) via Jak/STAT signalling pathways, in which activated IRF7 

is responsible for further amplification of type I IFN production (reviewed in Grandvaux et 

al., 2002, Erickson and Gale, 2008). IRF7 has been shown to be important for the 

transcription of IFN-α and IFN-β, which then induce production of IFN-stimulated genes 

including CCL5 and CXCL10 (Wang et al., 2009, Honda et al., 2005). CCL5 is a 

chemoattractant of eosinophils and T cells whilst CXCL10 is a chemokine responsible for 

recruitment of monocytes and T cells (reviewed in Smith et al., 1997). 

In addition to IRF3 and IRF7, IRF1 is another important transcription factor for IFN 

generation (reviewed in Ozato et al., 2007). Of relevance to the current study, RV-induced 
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production of CXCL10 in primary HBECs has been shown to be dependent upon IRF1 

(Zaheer and Proud, 2010). Furthermore, Matsuzaki et al. demonstrated that IRF1 was 

required for the IFN-γ- and TNFα-induced CCL5 release from primary HBECs (Matsuzaki et 

al., 2010). The current work revealed that whilst IRF1 and IRF7 mRNA expression was 

dramatically enhanced in BEAS-2B epithelial cells by RV infection, no change of IRF1 and 

IRF7 expression was seen in RV-infected MRC-5 fibroblasts. Therefore, it is likely that the 

inability of lung fibroblasts to produce IFNs in response to RV infection is due to the low 

basal and RV-induced expression of IRF1 and IRF7 in this cell type.  

The mechanisms underlying the low expression of IRF1 and IRF7 mRNA in fibroblasts 

warrant further investigations. One potential explanation is the fact that IRF genes are 

acetylated, resulting in an alteration in DNA binding and transcriptional activities (reviewed 

in Ozato et al., 2007). Furthermore, Cho et al. has demonstrated that the differential 

permissivity to viral replication between two subtypes of neurons (i.e. granule cell neurons 

and cortical neurons) was due to the distinct innate immune programs elicited by the two cell 

types (Cho et al., 2013). They proposed that the differential antiviral programs observed 

between granule cell neurons and cortical neurons might be due to the differences in the 

epigenetic state of key antiviral genes, which are influenced by the expression of specific 

microRNA (miRNAs). Specifically, they discovered that in comparison to granule cell 

neurons, cortical neurons (which were more permissive to viral replication) expressed higher 

level of miR-132 (an miRNA that targets the p300 coactivator of Stat1, a vital transcription 

factor of IFN) (Cho et al., 2013). Taking this idea into consideration, further work should be 

done to determine whether lung fibroblasts and airway epithelial cells express different levels 

of specific miRNAs that control expression of ISGs including IRF7.   

 

3.15.6 IL-1β potentiates epithelial cell responses to RV infection 

Our group has previously reported that the direct addition of IL-1β amplifies cytokine 

responses to poly(I:C) in airway epithelial cells (Morris et al., 2006). As discussed in Section 

3.15.2, one of the aims of this study was to determine if IL-1β could enhance 

proinflammatory responses of RV-infected structural airway cells. It was discovered that 

exogenous IL-1β could synergistically augment the RV-induced CXCL8 production in 

airway epithelial cells, but not in lung fibroblasts. This might be due to the fact that IL-1β 
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alone induced a high level of CXCL8 production in fibroblasts, and if the CXCL8 release had 

reach its maximal level, the potentiating actions of IL-1β on CXCL8 generation may be 

compromised. Additional experiments using lower concentrations of IL-1β are required to 

test this speculation, and if negative results are obtained, this would imply that the ability of 

IL-1β to augment the inflammatory responses of RV-infected cells is cell type-dependent. It 

is important to note that the presence of IL-1β did not affect viral replication and cell death of 

virally-infected cells. This therefore excludes the possibility that perhaps the higher CXCL8 

release observed was due to the ‘protective’ effect of IL-1β on the RV-infected cells, hence 

providing more viable cells to secrete cytokines. The mechanisms underlying the synergistic 

intensifying effect of IL-1β on the RV-induced CXCL8 production in BEAS-2B epithelial 

cells remain to be examined.  

Intriguingly, in contrast to its effect on CXCL8 generation, IL-1β modestly inhibited CCL5 

release from the RV-infected BEAS-2B cells. To partly explain this current finding, a 

previous study done by Siednienko and colleagues revealed that MyD88, an important 

signalling adaptor for IL-1β (Section 1.5.1), negatively regulates TLR3-induced IRF3 

activation, subsequently limiting IFN-β and CCL5 production (Siednienko et al., 2011). They 

demonstrated that inhibition of MyD88 using either MyD88 inhibitory peptides or MyD88 

endoribonuclease-prepared siRNAs (esiRNAs) substantially increased RV-1B- and RV-16-

induced IFN-β and CCL5 gene induction, without affecting virally-induced TNF-α 

expression, in BEAS-2B cells. Subsequently, using HEK293 cells (a human embryonic 

kidney cell line), they showed that the mechanism by which MyD88 downregulates type I 

IFN production is by specifically inhibiting IKKε-, but not TBK1-, mediated phosphorylation 

of IRF3 (Siednienko et al., 2011).  

 

3.15.7 Coinfection with RV and bacterial LPS potentiates epithelial cell 

proinflammatory responses 

Coinfections with viral and bacterial pathogens are common within the airways of asthmatic 

and COPD patients (Wilkinson et al., 2006, Louie et al., 2009). Using in vitro models of 

tissue inflammation, this study aimed to explore the cellular and cytokine networks that 

underpin these exacerbations of airways diseases caused by multiple pathogenic infections. 

Our group has previously shown that costimulation with poly(I:C) and LPS enhanced CXCL8 
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release by BEAS-2B cells in the presence of PBMCs (Morris et al., 2006). Consistent with 

this, the present study demonstrates for the first time that RV-1B and bacterial-derived LPS 

could synergistically accentuate CXCL8 production in BEAS-2B cells, with this synergistic 

effect again hypothesised to be due to IL-1β generation by LPS-activated monocytes (Morris 

et al., 2005, Chaudhuri et al., 2010). It is important to note that CXCL8 protein was 

undetectable when the single-culture of monocytes was stimulated with LPS (data not 

shown). Interestingly, monocytes alone did not modulate cytokine release by the RV-1B-

infected BEAS-2B cells. One possible explanation is that although RV could enter monocytes 

which express RV receptors, viral replication did not take place (Gern et al., 1996). In 

relevance to asthma and COPD, the dramatic increase of proinflammatory cytokine CXCL8 

by coinfection with viral and bacterial pathogens may explain the acute exacerbations of 

asthma and COPD patients when coinfected with viral and bacterial pathogens. The current 

results provides further evidence of our group’s previous findings (Chaudhuri et al., 2010, 

Morris et al., 2006, Morris et al., 2005) that cooperative signalling between airway tissue 

cells and infiltrating leukocytes is crucial for the effective CXCL8 release, subsequently 

leading to neutrophilic inflammation in the airways.  

 

3.15.8 Conclusions and future work 

The results presented in this chapter demonstrate that RV infection induces differential 

responses in normal human airway fibroblasts and epithelial cells. In comparison to airway 

epithelial cells, the lack of viral-detecting PRRs TLR3, RIG-I, 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 IFNs), therefore providing no antiviral 

response to limit viral replication, with concomitant cell death. The data shown in this chapter 

also show the permissiveness of lung fibroblasts isolated from IPF patients to RV infection. 

This study also reveals for the first time the ability of IL-1β to enhance proinflammatory 

responses of RV-1B-infected epithelial cells. Furthermore, the work presented in this chapter 

demonstrate that in the presence of monocytes, RV and bacterial-derived LPS coinfections 

can act in synergy to amplify the proinflammatory responses of airway tissue cells. 
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As discussed in Section 3.15.2, HMGB1 has been shown to be amplified in the BALF of 

COPD patients and this cell damage product has the capacity to potentiate inflammation. 

Therefore, it would be interesting to determine the potential release of HMGB1 by RV-

infected fibroblasts by ELISA. If positive results are obtained, this will further support the 

ability of RV-infected fibroblasts to amplify airway inflammation, independent of cytokine-

mediated inflammation.  

In this chapter, using semi-quantitative end-point PCR it has been demonstrated that the 

mRNA expression profiles of viral RNA detecting-PRRs and key signalling molecules 

involved in viral recognition and the downstream production of IFNs can be regulated by RV 

infection (Section 3.7, 3.8). However, these findings need to be confirmed using a more 

sensitive technique such as real-time qPCR. Moreover, it would be necessary to quantify 

protein expression of the relevant molecules by western blotting.  

The mechanisms leaving fibroblasts more susceptible to RV infection, as compared to 

epithelial cells, require further study. As discussed in Section 3.15.5, IRF7 is a key regulator 

of type I IFN production and its role in controlling viral replication and modulating cytokine 

release in BEAS-2B and MRC-5 cells could be explored further using siRNA to reduce IRF7 

levels in epithelial cells or overexpression techniques to increase IRF7 levels in fibroblasts. 

Furthermore, further study should be done to determine whether specific miRNAs that 

control ISG expression are differentially expressed in airway fibroblasts and epithelial cells. 

Another work that should be done to further explain the greater permissiveness of lung 

fibroblasts to RV replication compared to airway epithelial cells (apart from the inability of 

fibroblasts to produce antiviral cytokines to control viral replication), is to simply determine 

whether fibroblasts express higher levels of RV cellular receptors than epithelial cells that 

may result in higher infectivity rates in this cell type.  

To explore the cellular networking and cellular responses of epithelial cells and fibroblasts in 

close contact, as would occur in lung, BEAS-2B/MRC-5 coculture model could be developed 

to investigate the cooperative responses of both airway epithelial cells and fibroblasts to RV 

infection. It is plausible that RV-infected BEAS-2B cells would signal the neighbouring 

fibroblasts to generate more cytokine responses thus aggravating the RV-triggered 

inflammation. Or perhaps if RVs pass through the epithelial cell layer to infect the adjacent 

fibroblasts, more viral replication would occur within fibroblasts, hence producing more 

viruses to further infect the epithelial cells. It is also feasible that the pathogenic effects of 
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RV on fibroblasts would release cell damage product such as HMGB1 that could elevate 

inflammatory responses of epithelial cells. Additionally, potential modification of the tissue 

cell responses to RV infection by innate immune cells (e.g. monocytes and macrophages) 

remains to be investigated. For this purpose, innate immune cells such as macrophages 

should be added to the BEAS-2B/MRC-5 cocultures.  
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Chapter 4: Results. Phosphoinositide 3-kinase, but not autophagy, 

inhibition modulates responses of human bronchial epithelial cells 

to RV infection 

 

4.1 Introduction 

As discussed in Chapter 3 (Section 3.15), the first line of immune defence against RV 

infection is the recognition of RV by the endosomal pattern recognition receptor TLR3, 

consequently inducing the generation of type I IFNs and proinflammatory cytokines. 

Activation of the TLR3 signaling pathway also triggers production of cytoplasmic pattern 

recognition receptors RIG-I and MDA5, which are responsible for recognising RV in the 

cytosol (Slater et al., 2010), subsequently amplifying the cellular responses to control viral 

replication. RV infection has also been shown to activate phosphoinositide 3-kinase (PI3K) 

signalling (Lau et al., 2008, Newcomb et al., 2005) (Section 1.9), although the relative role of 

each class of PI3K in modulating responses to RV remains to be clarified.   

After entering the host cells via endocytosis, RVs then release their ssRNA genomes into the 

cytoplasm where viral protein synthesis and RNA replication occur (Section 1.3.2). TLR3 

detects dsRNA, generated during RV replication (Wang et al., 2009, Slater et al., 2010). 

However, the mechanisms by which cytoplasmic dsRNA reaches the endosome are poorly 

understood. Macroautophagy (referred to herein as autophagy) is a PI3K-dependent pathway 

that involves sequestration of cytosolic damaged organelles and unused proteins in double-

membrane vesicles termed autophagosomes, and the autophagic cargo is later delivered to 

lysosomes for degradation and recycling of amino acid pools (reviewed in Codogno et al., 

2012) (Section 1.8). Autophagy is principally used as cellular adaptation to a variety of stress 

conditions, such as nutrient starvation, thus contributing to cell survival; although it may also 

be involved in the cell death pathway (reviewed in Richetta and Faure, 2013, Patel et al., 

2013). Beyond its role in cellular homeostasis, autophagy has also been proposed as one of 

the mechanisms by which the host cells defend against microbial infections including viruses 

(reviewed in Yordy et al., 2012) (Section 1.8.2). Autophagy participates in antiviral innate 

immunity via multiple mechanisms such as by directly entrapping and degrading virions and 

virion components (a process termed xenophagy), and by mediating the detection of cytosolic 
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viral RNAs by endosomal TLRs (reviewed in Deretic et al., 2013, Jordan and Randall, 2011). 

In VSV infection, the production of antiviral IFN-α by murine plasmacytoid DCs was found 

to be dependent upon the autophagic delivery of viral replication intermediates to endosomal 

TLR7 (Lee et al., 2007). Similarly, Manuse and colleagues demonstrated that TLR7-

dependent secretion of IFN-α by simian virus 5 (SV5) in human plasmacytoid DCs was 

dependent on autophagy (Manuse et al., 2010). More recently, Zhou et al. have shown that 

TLR7-dependent IFN-α production requires autophagy in human plasmacytoid DCs 

following infection with HIV-1 (Zhou et al., 2012). However, whether autophagy is 

necessary for the delivery of cytoplasmic dsRNA intermediates to TLR3-containing 

endosomes remains unknown. 

Whilst there are no studies to date specifically exploring 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 RV serotype), 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 RV serotype) 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 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. Furthermore, autophagy has recently been shown 

to participate in the regulation of the proinflammatory cytokine IL-1β processing and 

secretion (Dupont et al., 2011, Harris et al., 2011) and our group has recently demonstrated 

that IL-1β signalling plays a pivotal role in modulating inflammatory responses of airway 

epithelial cells to RV infection (Stokes et al., 2011).  

 

4.2 Hypothesis and Aims 

It was hypothesised that autophagy is required for the presentation of cytoplasmic RV 

dsRNA to the TLR3-containing endosomes, and therefore plays a role in RV-induced innate 
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immune responses (See Figure 4.0 for the proposed model of autophagy-mediated RV 

recognition by endosomal TLR3). 

  

 

 

 

    

  

The specific aims of this chapter were to investigate: 

1. The potential role of autophagy in mediating the innate immune responses of 

structural airway cells to RV infection. 

2. The extent to which the innate immune responses to RV were dependent upon PI3K 

signalling.  

3. Whether autophagy and PI3K pathways are involved in the control of RV replication. 

Figure  4.0 Proposed model of autophagy-mediated RV recognition by 

endosomal TLR3.  

RVs enter host cells via endocytosis, and ssRNA genome is then released into the cytoplasm 

where viral replication occurs. The newly formed replication intermediate dsRNA located in 

the cytosol can be engulfed by phagophore and captured in autophagosome. Apart from 

lysosome, autophagosome can also fuse with TLR-containing endosome, forming an 

amphisome. Autophagosome presents the RV dsRNA to the endosomal TLR3, and thus 

initiating the downstream signalling of cytokine production. The viral products are 

subsequently delivered to the autolysosome for degradation. (See List of Abbreviations for the 

abbreviations used in this figure legend.) 
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4.3 Effect of 3-MA (commonly used to inhibit autophagy) on 

responses of airway epithelial (BEAS-2B) cells or airway 

fibroblast (MRC-5) cells to RV infection or poly(I:C) stimulation 

4.3.1 3-MA inhibits proinflammatory cytokine production induced by RV 

infection or poly(I:C) stimulation 

To explore the potential role of autophagy in regulating the inflammatory responses of 

structural airway cells to RV infection, 3-methyladenine (3-MA), a pharmacological class III 

PI3K inhibitor commonly used to inhibit autophagy (Wong et al., 2008, Brabec-Zaruba et al., 

2007, Jackson et al., 2005), was utilised. Whether 3-MA could inhibit cytokine production in 

response to the viral dsRNA mimic poly(I:C) and to the proinflammatory cytokine IL-1β was 

also examined. Bronchial epithelial (BEAS-2B) cells or lung fibroblast (MRC-5) cells were 

left uninfected (media control), infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml (MOI ~3) 

for 1 h as described in Section 2.6.3; or stimulated with poly(I:C) (1 µg/ml) or IL-1β (1 

ng/ml). Cells were then immediately treated with 3-MA (1 or 10 mM) and cultured for 24 h. 

Cell-free supernatants were collected to determine cytokine release, as measured by ELISA 

(Section 2.15). Cells were also lysed, total RNA extracted, cDNA synthesised and real-time 

qPCR for IFN-β performed (Section 2.16-2.18). Samples were quantified against a standard 

curve of plasmids containing IFN-β target sequence. 

3-MA treatment at both lower (1 mM) and higher (10 mM) tested concentrations significantly 

inhibited the generation of antiviral cytokines IFN-β and CCL5 in BEAS-2B epithelial cells, 

in response to RV-1B, RV-16 or poly(I:C) (Figure 4.1B, C, E, F). For example, induction of 

CCL5 or IFN-β was substantially decreased (by ~75% or 55%, respectively) in cells cotreated 

with RV-1B and 3-MA (1 mM), in comparison with RV-1B alone (Figure 4.1B). The 

inhibitory effect of 3-MA was less potent on CXCL8 production, as only the higher dose of 

3-MA resulted in a significant reduction of this cytokine, following RV infection or poly(I:C) 

stimulation (Figure 4.1A, D). However, the higher concentration of 3-MA also reduced IL-

1β-induced CXCL8 production in BEAS-2B cells, suggesting that 3-MA may exhibit off-

target actions at the frequently exploited concentration of 10 mM (Figure 4.1D).  

In contrast to the results obtained using BEAS-2B cells, 1 mM of 3-MA treatment did not 

inhibit CXCL8 release from MRC-5 fibroblasts, in response to RV infection or poly(I:C) 

stimulation (Figure 4.2). 1 mM of 3-MA caused an increase of CXCL8 production in RV- 
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Figure 4. 1 3-MA inhibits RV- or poly(I:C)-induced proinflammatory cytokine 

production in BEAS-2B cells.  

BEAS-2B cells were infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml for 1 h (following 

which supernatants were replaced with media) (A, B, C); or stimulated with poly(I:C) (1 

µg/ml) or IL-1β (1 ng/ml) (D, E, F). Cells were then immediately treated with 3-MA at the 

indicated concentrations and cultured for 24 h. Cell-free supernatants were collected, and 

CXCL8 (A, D) and CCL5 (B, E) release was measured by ELISA. RNA was extracted and 

reverse transcribed for qPCR analysis of IFN-β mRNA expression (C, F), with IFNβ copy 

number normalized to the GAPDH copy number as a loading control. Data shown are mean ± 

SEM of n = 5 independent experiments. Significant differences are indicated by *, p < 0.05; 

**, p < 0.01; ***, p < 0.001 and ****, p < 0.0001, analysed by two-way ANOVA with 

Bonferroni’s post-test. Media controls shown on the left and right panel sets are the same. LD 

= limit of detection. 
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Figure 4. 2 3-MA does not show inhibition of RV-induced proinflammatory cytokine 

production in MRC-5 cells, which may be associated with cell viability.  

MRC-5 cells were infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml for 1 h (following 

which supernatants were replaced with media) (A); or stimulated with poly(I:C) (1 µg/ml) or 

IL-1β (1 ng/ml) (B). Cells were then immediately treated with 3-MA at the indicated 

concentrations and cultured for 24 h. Cell-free supernatants were collected, and CXCL8 

release was measured by ELISA. Data shown are mean ± SEM of n = 3 (A) or mean ± SD of 

n = 2 (B) independent experiments. Significant differences are indicated by *, p < 0.05 and 

**, p < 0.01, analysed by two-way ANOVA with Bonferroni’s post-test. Media controls 

shown on the left and right panel sets are the same. 
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infected MRC-5 cells (Figure 4.2A), although this might be associated with the viability of 

the cells (described further in Section 4.3.2). As described in Chapter 3, IFN-β or CCL5 

generation was undetectable in MRC-5 cells, following RV infection or poly(I:C) stimulation 

(data not shown). 

4.3.2 3-MA does not increase the cell death of RV-infected cells 

As 3-MA inhibits cytokine production in response to RV and poly(I:C) (Section 4.3.1), 

confirmation was sought that this effect was not due to 3-MA causing cell death, hence 

reducing the number of cells that remained alive to produce cytokines. Levels of cell death 

were initially determined by microscopic observation. BEAS-2B epithelial cells or MRC-5 

fibroblasts were left uninfected or infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml as 

described in Section 2.6.3. Cells were then immediately treated with 3-MA (1 or 10 mM) and 

cultured for 24 h.  

The higher tested concentration of 3-MA (10 mM) alone induced a slight toxicity to both 

MRC-5 cells (Figure 4.3) and BEAS-2B cells (images not taken), as the cells appeared 

smaller in size. Interestingly, 3-MA reduced the RV-induced cytopathic cell death in MRC-5 

cells, in a dose-dependent manner (Figure 4.3). For example, at 1.0x10
7
 TCID50/ml, RV-1B 

alone resulted in ~50% rounded/detaching cells. However, in the presence of 1 mM or 10 

mM of 3-MA, RV-1B-induced cell death was decreased to only ~30% or 15%, respectively 

(Figure 4.3). The same reductions were observed when RV-16-infected cells were cotreated 

with 3-MA (Figure 4.3).  

To quantify the cell death observed in 3-MA-treated cells, the LDH cytotoxic assay (Section 

2.20) was utilised. The higher tested concentration of 3-MA induced significant (~8%) cell 

death in BEAS-2B epithelial cells when added alone, but did not measurably increase 

epithelial cell death beyond that caused by RV infection alone (Figure 4.4A). In keeping with 

the microscopic observations (Figure 4.3), 10 mM of 3-MA alone caused an increased level 

of cell death (~10%) in MRC-5 fibroblasts compared to control cells (Figure 4.4B) and 

reduced the percentage of RV-induced cell death in MRC-5 cells in a dose-dependent pattern 

(Figure 4.4B) as determined by LDH cytotoxic assay, although to a lesser extent than what 

was observed microscopically (Figure 4.3).  
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Figure 4. 3 3-MA reduces RV-induced cell death in MRC-5 cells.  

MRC-5 cells were infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml for 1 h (following 

which supernatants were replaced with media). Cells were then immediately treated with 3-

MA at the indicated concentrations. After 24 h, cell monolayers were observed using a 

fluorescence and phase contrast Leica DM14000B inverted microscope at 10x magnification. 

Data shown are representative images of n = 3 independent experiments.  
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Figure 4. 4 3-MA does not increase the cell death of RV-infected cells. 

BEAS-2B (A) or MRC-5 (B) cells were infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml 

for 1 h (following which supernatants were replaced with media). Cells were then 

immediately treated with 3-MA at the indicated concentrations and cultured for 24 h. 

Percentage of cell death was measured by LDH assay. Data shown are mean ± SEM of n = 4 

(A) or n = 3 (B) independent experiments. Significant differences are indicated by **, p < 

0.01 and ***, p < 0.001, analysed by two-way ANOVA with Bonferroni’s post-test. 
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4.3.3 3-MA inhibits viral replication 

Viruses replicate within the host cells, producing newly synthesised virions that are released 

through host cell lysis. Having found that 3-MA could reduce RV-induced cytopathic cell 

death, particularly in MRC-5 fibroblasts (Figure 4.3), it was hypothesised that this may be 

due to the potential capability of 3-MA to inhibit viral replication. To test this hypothesis, 

cells were infected with RV and then treated with 3-MA as described in Section 4.3.2. At 24 

h p.i., BEAS-2B cells (~6.1x10
5
) and MRC-5 cells (~5x10

5
) were lysed, cDNA synthesised 

and real-time qPCR for RV performed (Section 2.16-2.18). Samples were quantified against a 

standard curve of plasmids containing RV target sequence.  

3-MA significantly inhibited the production of RV-1B in both BEAS-2B epithelial cells and 

MRC-5 fibroblasts, in a concentration-dependent manner (Figure 4.5). For example, the 

lower concentration of 3-MA (1 mM) caused a marked reduction of the intracellular RV-1B 

copies by ~40% in BEAS-2B cells (Figure 4.5A) and~65% in MRC-5 cells (Figure 4.5B). 

Interestingly, the inhibitory actions of 3-MA was less potent on RV-16 replication, as the 1 

mM of 3-MA had no or very modest effects on the production of RV-16 (Figure 4.5).  

4.3.4 Low doses of 3-MA inhibit cytokine production induced by poly(I:C) 

Having observed that 3-MA could impede viral replication (Section 4.3.3), it was possible 

that the inhibitory effect of 3-MA on RV-induced cytokine production in BEAS-2B cells 

(Figure 4.1A-C) was due to a reduction in the viral dsRNA replicates responsible for 

triggering this response. However, the ability of 3-MA (at 1 mM, a concentration that did not 

cause toxicity to the cells) to inhibit cytokine generation induced by the synthetic dsRNA 

mimic poly(I:C) (Figure 4.1D-F) suggests that the mechanisms of action of 3-MA on 

cytokine generation were independent of viral replication. However, this conclusion was only 

drawn based on a single concentration of poly(I:C) (1 µg/ml). A pilot experiment was then 

performed to see if the inhibitory actions of 3-MA on poly(I:C)-induced cytokine production 

could still be seen when lower concentrations of 3-MA are used. Cells were stimulated with 

poly(I:C) at 1, 10 or 100 µg/ml, and were then immediately treated with a range of 

concentrations of 3-MA starting from 0.25 mM to 2. After 24 h, cell-free supernatants were 

collected to determine cytokine release, as measured by ELISA (Section 2.15).  

Based on a single experiment, the low concentrations of 3-MA (0.25 to 2 mM) inhibited 

poly(I:C)-induced CCL5 (Figure 4.6B), but not CXCL8 (Figure 4.6A), release from BEAS- 
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Figure 4. 5 3-MA inhibits viral replication. 

BEAS-2B (A) or MRC-5 (B) cells were infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml 

for 1 h (following which supernatants were replaced with media), and were then immediately 

treated with 3-MA at the indicated concentrations and cultured for 24 h. RNA was extracted 

and reverse transcribed for qPCR analysis of RV RNA expression, with data presented as the 

total intracellular viral RNA copies per well. Data shown are mean ± SEM of n = 4 (A) or n = 

3 (B) independent experiments. Significant differences are indicated by *, p < 0.05; **, p < 

0.01 and ****, p < 0.0001, analysed by two-way ANOVA with Bonferroni’s post-test.  
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Figure 4. 6 Low doses of 3-MA inhibit cytokine production induced by poly(I:C).   

BEAS-2B (A, B) or MRC-5 (C, D) cells were stimulated with poly(I:C) at the indicated 

concentrations, and were then immediately treated with 3-MA at the indicated concentrations 

and cultured for 24 h. Cell-free supernatants were collected, and CXCL8 (A, C) and CCL5 (B, 

D) release was measured by ELISA. Data shown are n = 1.  
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2B cells in a concentration-dependent manner. Importantly, the 2 mM of 3-MA (a 

concentration of 3-MA that did not cause toxicity to the cells, as observed microscopically; 

images not taken) markedly decreased CCL5 production in BEAS-2B cells by at least 90%, 

in response to all three concentrations of poly(I:C) used (Figure 4.6B). Interestingly, the 

lowest concentration of 3-MA utilised (0.25 mM) resulted in an increase of CXLC8 

generation in poly(I:C)-stimulated BEAS-2B cells (Figure 4.6A). Both 1 and 2 mM of 3-MA 

measurably reduced CXCL8 generation in poly(I:C)-stimulated MRC-5 fibroblasts (Figure 

4.6C), although the amounts of CXCL8 release by MRC-5 cells (Figure 4.6C) were much 

lower compared to BEAS-2B epithelial cells (Figure 4.6A).  

4.3.5 3-MA does not inhibit cytokine production induced by TNFα, IL-6 or 

IFN-β 

Since 1 mM of 3-MA inhibited cytokine generation induced by RV infection or poly(I:C), but 

not IL-1β (Section 4.3.1, 4.3.2, 4.3.4), the inhibitory effect of 3-MA on cytokine production 

may be specific to pathways that require TLR3 signalling. To test this hypothesis, further 

experiments were performed using TNFα, IL-6 and IFN-β, all of which do not require TLR3 

activation to signal.  

BEAS-2B or MRC-5 cells were stimulated with IL-6 (50 ng/ml), TNFα (20 ng/ml), IFN-β 

(20 ng/ml) or TNFα/IFN-β in combination (concentrations of these stimuli were chosen based 

on concentration-response data previously obtained by our senior lab technician, Dr. Linda 

Kay). Cells were then immediately treated with 3-MA at 1 mM and cultured for 24 h. Cell-

free supernatants were collected to determine cytokine release, as measured by ELISA 

(Section 2.15).  

In contrast to the results obtained when cells were stimulated with TLR3 ligands (i.e. RV and 

poly(I:C) (Section 4.3.1, 4.3.4)), 3-MA treatment did not inhibit cytokine generation induced 

by TNFα, IL-6 or IFN-β in both BEAS-2B and MRC-5 cells (Figure 4.7).  

 

4.4 Measuring autophagic activity in BEAS-2B cells 

Subsequent experiments utilised only BEAS-2B epithelial cells to explore further the role of 

autophagy in regulating cellular responses to RV infection for two main reasons. Firstly, 
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Figure 4. 7 3-MA does not inhibit cytokine production induced by TNFα, IL-6 or 

IFN-β. 

BEAS-2B (A, B) or MRC-5 (C, D) cells were stimulated with IL-6 (50 ng/ml), TNF-α (20 

ng/ml), IFN-β (20 ng/ml) or TNF-α/IFN-β in combination. Cells were then immediately 

treated with 3-MA at 1 mM and cultured for 24 h. Cell-free supernatants were collected, and 

CXCL8 (A, C) and CCL5 (B, D) release was measured by ELISA. Data shown are mean ± 

SEM of n = 3 independent experiments (A, B) or values from n = 1 (C, D). No significant 

differences were obtained (3-MA treated samples versus non-treated), as measured by two-

way ANOVA with Bonferroni’s post-test (A, B). LD = limit of detection. 
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epithelial cells are the primary target of RV within the airway, and secondly, the inhibitory 

effects of 3-MA were more marked on production of IFN-β and CCL5 than CXCL8, and 

MRC-5 fibroblasts did not secrete IFN-β and CCL5 (Section 4.3). 

4.4.1 RV infection induces a subtle increase of LC3-II expression in BEAS-2B 

cells, as measured by LC3 western blotting 

Upon activation of autophagy, LC3-I, the cytosolic form of microtubule-associated protein 1 

light chain 3 (LC3) is conjugated to phosphatidylethanolamine (PE) to become LC3-II, the 

autophagosome-membrane bound form (reviewed in Tanida et al., 2004). Therefore, levels of 

LC3-II are routinely used as an indication of autophagic flux, with bafilomycin A1, an 

inhibitor of autophagosomal degradation, utilised to confirm basal autophagosomal activity 

(reviewed in Mizushima et al., 2010).  

Having found that 3-MA suppressed viral-induced cytokine production in BEAS-2B 

epithelial cells (Figure 4.1), presumably by inhibiting autophagy, I next wished to investigate 

if RV infection could induce autophagy in this cell type. Poly(I:C) has been associated with 

autophagy activation in macrophages (Shi and Kehrl, 2008, Harris et al., 2011), hence it 

would be interesting to explore if poly(I:C) could also induce autophagy in BEAS-2B cells. 

Cells were left uninfected, infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml as described in 

Section 2.6.3; or stimulated with poly(I:C) (1 µg/ml). Cells were then immediately treated 

with bafilomycin A1 (baf, 100 nM) or 3-MA (1 mM) and cultured for 6 or 24 h. The 

incubation times were chosen based on previous studies (Klein and Jackson, 2011, Jackson et 

al., 2005) that examined the effects of RV infection and bafilomycin A1/3-MA treatment on 

autophagy activation in the human cervical epithelial HeLa cell line. Cells were lysed, total 

protein extracted, and western blotting for LC3-II and actin performed (Section 2.14). Using 

NIH ImageJ software, LC3-II expression was densitometrically analysed and normalised to 

the actin expression as a loading control. Note that the reason LC3-II/LC3-I ratios were not 

calculated (as another way of presenting autophagy induction data) is because LC3-II 

proteins tend to be much more sensitive to be detected by immunoblotting than LC3-I 

proteins, thus comparing the amount of LC3-II alone between samples is probably a more 

accurate method (Mizushima and Yoshimori, 2007). 

Levels of LC3-II were significantly increased upon inhibition of autophagosomal degradation 

by bafilomycin A1, indicating that autophagy was basally active in BEAS-2B cells (Figure 
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4.8A, C, F). However, RV infection only resulted in a very subtle increase of autophagic flux 

in BEAS-2B cells, as observed at 6 or 24 h p.i. (Figure 4.8A, B, E). Increased levels of LC3-

II were seen in poly(I:C)-treated BEAS-2B cells at 6 h, but not at 24h (Figure 4.8A, B, E). 

Furthermore, 3-MA treatment did not result in any changes of LC3-II expression in cells 

infected with RV or stimulated with poly(I:C) (Figure 4.8A, D, G).  

4.4.2 LC3-II expression is not increased when BEAS-2B cells are nutrient-

starved or treated with rapamycin, as measured by LC3 western blotting 

Having observed that RV only caused a modest increase of autophagic flux in BEAS-2B 

airway epithelial cells, I next wished to demonstrate if a significant increase of autophagic 

activity in this cell type could be achieved using other known autophagy stimuli. Mammalian 

target of rapamycin (mTOR), a serine/threonine protein kinase, is a negative regulator of the 

autophagic pathway (reviewed in Meijer and Codogno, 2004). Studies have shown that 

rapamycin (an mTOR inhibitor), and nutrient starvation, can activate autophagy in BEAS-2B 

cells (Zhang et al., 2012, Persson et al., 2001). Therefore, these two autophagy inducers were 

utilised in pilot experiments. Cells were cultured in nutrient-rich media (Complete media) or 

starvation media [Hank’s Balanced Salt Solution (HBSS) buffer], in the absence or presence 

of rapamycin (200 nM), with or without bafilomycin A1 (100 nM) for 2, 4 or 8 h. Cells were 

lysed, total protein extracted, and western blotting for LC3-II and actin performed (Section 

2.14). 

Based on a single experiment, in contrast to the results obtained in previous studies (Zhang et 

al., 2012, Persson et al., 2001), no obvious upregulation of LC3-II levels was seen in our 

BEAS-2B cells, following starvation or rapamycin treatment (Figure 4.9A). Cells that were 

nutrient-starved and cotreated with rapamycin also did not show an increase of LC3-II 

expression at any of the studied time-points (Figure 4.9A). As expected, blocking 

autophagosomal degradation using bafilomycin A1 resulted in an accumulation of LC3-II 

proteins in a time-dependent manner (Figure 4.9B), although the effects are less obvious in 

nutrient-starved cells, which may be due to the small variability in protein levels observed. 
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Figure 4. 8 RV infection induces a subtle increase of LC3-II expression in BEAS-2B 

cells, as measured by LC3 western blotting.  

BEAS-2B cells were infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml for 1 h (following 

which supernatants were replaced with media), or stimulated with poly(I:C) (1 µg/ml). Cells 

were then immediately treated with bafilomycin A1 (Baf, 100 nM) or 3-MA (1 mM) and 

cultured for 6 h (B, C, D) or 24 h (E, F, G). (A) Whole-cell lysates were analysed by Western 

blot using Abs specific to LC3 or actin. A blot representative of 3 independent experiments is 

shown. (B, C, D, E, F, G) LC3-II expression was densitometrically analysed and normalized 

to the actin expression as a loading control. Data shown are mean ± SEM of n = 3 

independent experiments. 
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Figure 4. 9 Increased of LC3-II expression is not detected when BEAS-2B cells were 

nutrient-starved or treated with rapamycin, as measured by LC3 western blotting.  

BEAS-2B cells were cultured in nutrient-rich media (Complete) or starvation media (HBSS 

buffer), in the absence or presence of rapamycin (Rapa; 200 nM), with (A) or without (B) 

bafilomycin A1 (Baf; 100 nM) for 2, 4 or 8 h. Whole-cell lysates were analysed by Western 

blot using Abs specific to LC3 or actin. Data shown are n = 1. 
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4.4.3 Cigarette smoke extract, rapamycin or starvation treatment in BEAS-2B 

cells is not associated with increased GFP-LC3 puncta 

As nutrient starvation and rapamycin failed to induce autophagy as assessed by LC3 western 

blotting, another technique commonly used to monitor autophagic activity (i.e. fluorescence 

microscopy) was employed. Accumulation of green fluorescent protein (GFP)-tagged-LC3 

puncta in cells transfected with GFP-LC3-expressing plasmids is a widely accepted marker of 

autophagosome formation (reviewed in Mizushima et al., 2010). The exogenous GFP-LC3 

fusion protein is a cytosolic protein; however during autophagy, it is lipidated and 

incorporated into autophagosomal membranes, and therefore scored as cytoplasmic puncta by 

fluorescence microscopy (reviewed in Mizushima et al., 2010). 

Cigarette smoke extract (CSE) has also been shown to activate autophagy in BEAS-2B cells 

(Hwang et al., 2010, Chen et al., 2008); thus it was used in the current study in addition to 

nutrient starvation and rapamycin treatment. BEAS-2B cells were grown on glass cover slips 

and transfected with GFP-LC3-expressing plasmids as described in Section 2.11. After 48 h 

transfection, cells were either left untreated, or treated with 20% CSE (See section 2.9.3 for 

description of the CSE preparation) or rapamycin (500 nM) for 6 h. Cells were fixed, nuclei 

were stained with DAPI (blue), and GFP-LC3 (green) was visualised by fluorescence 

microscopy at x40 objective lens magnification (Sections 2.12 and 2.13). At least 4 fields 

(containing approximately 20-30 cells) were viewed for each sample.  

Based on two independent experiments, the transfection efficiencies (indicated by the 

percentage of GFP-expressing cells) were relatively low, and varied between samples, 

ranging from ~ 15% to 40% (Figure 4.10A-C). CSE or rapamycin treatment failed to increase 

formation of exogenous GFP-LC3 puncta, compared to untreated control (Figure 4.10).  

In the previous experiments cells were fixed prior to visualisation by fluorescence 

microscopy (Figure 4.10). It was of concern that the fixation steps might affect autophagic 

activity in the cells, therefore influencing the results obtained under this experimental 

condition. I therefore sought to conduct similar experiments but with no fixation step and 

immediate visualisation. BEAS-2B cells were grown in glass bottom dishes and transfected 

with GFP-LC3-expressing plasmids as described in Section 2.11. After 48 h transfection, 

cells were either left untreated, or treated with 20% CSE (Section 2.9.3) or rapamycin (500 

nM); or nutrient-starved (immersed in HBSS buffer), for 6 h. Live-cell imaging was  
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Figure 4. 10 CSE or rapamycin treatment in BEAS-2B cells is not associated with 

increased GFP-LC3 puncta, as analysed following fixation of the cells.  

BEAS-2B cells were grown on glass cover slips and transfected with GFP-LC3-expressing 

plasmids. After 48 h transfection, cells were either left untreated (A, D), or treated with 20% 

CSE (B, E) or rapamycin (Rapa; 500 nM) (C, F) for 6 h. Cells were then fixed and stained for 

nucleus (blue). Images were captured using fluorescence microscopy at x40 objective lens 

magnification. The green GFP-LC3 puncta represent autophagosomes. Images shown on the 

right panel set are the magnified versions of the boxed regions of interest of the images 

shown on the left panel set. Data shown are representative images of n = 2 independent 

experiments.   
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performed using fluorescence microscopy at x60 objective lens magnification, with the 

microscope enclosed in an environmental chamber equilibrated to 37°C. At least 4 fields 

(containing approximately 5-10 cells) were viewed for each sample.  

Based on a single experiment, no enhancement of GFP-LC3 puncta formation was observed 

upon CSE, rapamycin or starvation treatment, compared to untreated control, as analysed by 

live-cell imaging (Figure 4.11).  

4.4.4 Increased of autophagy by starvation or torin2 treatment in BEAS-2B 

cells is detected using endogenous LC3 immunostaining assay 

As discussed in an extensive review article detailing the use and interpretation of assays for 

monitoring autophagy (Klionsky et al., 2012), the main reason exogenous GFP-LC3 

transfection assay is utilised by many studies to monitor autophagic activity (and therefore 

used in the present work) is because endogenous LC3 protein is not always detectable by 

fluorescence microscopy, due to its very low expression in certain cell types. However, as 

induction of autophagy using the GFP-LC3 transfection assay was unsuccessful, autophagic 

flux was subsequently explored by detecting endogenous LC3 protein using an anti-LC3 

antibody.  

BEAS-2B cells were grown on glass cover slips, and either left untreated, nutrient-starved 

(immersed in HBSS buffer), or treated with torin2 (a newly characterised mTOR inhibitor 

that can induce autophagy) (reviewed in Klionsky et al., 2012) for 2 h. Cells were fixed and 

stained for endogenous LC3 and nuclei using anti-LC3 antibody and DAPI, respectively 

(Section 2.12) and staining was visualised by fluorescence microscopy (Section 2.13). At 

least 4 fields (containing approximately 7-20 cells) were viewed for each sample.  

Based on a single experiment, the number of endogenous LC3 puncta was markedly 

increased in cells exposed to starvation or torin2 treatment (Figure 4.12). These data indicate 

that autophagy occurs and can be upregulated in BEAS-2B cells.  
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Figure 4. 11 CSE, rapamycin or starvation treatment in BEAS-2B cells is not 

associated with increased GFP-LC3 puncta, as analysed by live-cell imaging.  

BEAS-2B cells were grown in glass bottom dishes and transfected with GFP-LC3-expressing 

plasmids. After 48 h transfection, cells were either left untreated (A), or treated with 20% 

CSE (B) or rapamycin (Rapa; 500 nM) (C); or nutrient-starved (Starvation; immersed in 

HBSS buffer) (D) for 6 h. Images of live cells were captured using fluorescence microscopy 

at x60 objective lens magnification, with the microscope enclosed in an environmental 

chamber equilibrated to 37°C. The green GFP-LC3 puncta represent autophagosomes. Data 

shown are n = 1.  
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Figure 4. 12 Increased of autophagy by starvation or torin2 treatment in BEAS-2B 

cells is detected using endogenous LC3 immunostaining assay.   

BEAS-2B cells were grown on glass cover slips, and were either left untreated (A, D), nutrient-

starved (Starvation; immersed in HBSS buffer) (B, E) or treated with torin2 (10 nM (C, F) for 2 h. 

Cells were then fixed and immunostained for endogenous LC3 (green) and nucleus (blue). Images 

were captured using fluorescence microscopy at x60 objective lens magnification. The green LC3 

puncta represent autophagosomes. Images shown on the right panel set are the magnified versions of 

the boxed regions of interest of the images shown on the left panel set.  Data shown are n = 1.   
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4.5 Knockdown of autophagy regulators has minimal effects on 

responses of BEAS-2B cells to RV infection 

To confirm the results obtained using the pharmacological inhibitor 3-MA (Section 4.3), 

inhibition of autophagy was next performed using a more specific approach, small interfering 

RNA (siRNA). Briefly, artificially synthesised siRNAs are designed to target their specific 

mRNAs for destruction via RNA interference pathway, subsequently silencing expression of 

the relevant proteins (Elbashir et al., 2001). The siRNAs targeting several autophagy proteins 

utilised in this study were purchased from Thermo Scientific, Lafayette, Colorado (Section 

2.10). 

4.5.1 Knockdown of Beclin-1 or Atg7 inhibits basal autophagy and nutrient-

starvation-induced autophagy in BEAS-2B cells 

The canonical pathway of macroautophagy requires the class III PI3K, Vps34, regulated by 

its binding partner Beclin-1 (Bec1) and dependent upon autophagy-related protein 7 (Atg7) 

for LC3-II lipidation (reviewed in Codogno et al., 2012) (See Figure 1.8 for the schematic 

diagram of the autophagy pathway). To investigate the roles of autophagy, BEAS-2B cells 

were transfected with siRNAs targeting the autophagy proteins Bec1 and Atg7. 

Prior to conducting the functional assays, pilot experiments were conducted to determine the 

optimal concentrations for Bec1- and Atg7-targeting siRNAs to be used, and to assess at 

which time-point the target proteins showed the greatest knockdown. BEAS-2B cells were 

left untransfected, transfected with the transfection reagent alone (mock), or transfected with 

a non-targeting scrambled control siRNA or siRNA targeting Bec1 or Atg7 at 100 or 200 nM. 

After 24, 48 or 72 h transfection, cells were lysed, total protein extracted, and western 

blotting for Bec1, Atg7 and actin performed (Section 2.14).   

Based on a single experiment, similar levels of knockdown were observed in cells treated 

with 100 and 200 nM of Bec1-targeting siRNA, at all studied time points (Figure 4.13). 

Expression of Bec1 protein was most markedly decreased after 48 h transfection, and 

remained low at 72 h post-transfection (Figure 4.13). Similar to the observations of Bec1 

knockdown (Figure 4.13), expression of Atg7 protein was substantially suppressed only after 

48 h transfection, and was found to be further reduced at 72 h post-transfection (Figure 4.14).  
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Figure 4. 13 Time- and dose-response of siRNA-mediated knockdown of Beclin-1.  

BEAS-2B cells were either left untransfected (Utx), transfected with the transfection reagent 

alone (Mock); or transfected with a non-targeting scrambled control siRNA (Scr) or siRNA 

targeting Beclin-1 (Bec1) at 100 or 200 nM. After 24, 48 or 72 h transfection, whole-cell 

lysates were prepared and analysed by Western blot using Abs specific to Bec1 or actin. Data 

shown are n = 1.  
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Figure 4. 14 Time-response of siRNA-mediated knockdown of Atg7. 

BEAS-2B cells were either left untransfected (Utx), or transfected with a non-targeting 

scrambled control siRNA (Scr) or siRNA targeting Atg7 at 100 nM. After 24, 48 or 72 h 

transfection, whole-cell lysates were prepared and analysed by Western blot using Abs 

specific to Atg7 or actin. Data shown are n = 1.  
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To verify the requirement for Bec1 and Atg7 in canonical autophagy induction in BEAS-2B 

cells, cells were transfected with a non-targeting scrambled control siRNA, or siRNA 

targeting Bec1 or Atg7 at 100 nM. After 48 h transfection, cells were either left untreated, or 

nutrient-starved (immersed in HBSS buffer) for 2 h. Cells were then fixed and 

immunostained for endogenous LC3 (green) and nuclei (blue) (Section 2.12). Images were 

captured using fluorescence microscopy at x60 objective lens magnification (Section 2.13). At 

least 4 fields (containing approximately 7-15 cells) were viewed for each sample. As shown 

in Figure 4.15, knockdown of Bec1 or Atg7 notably diminished basal autophagy and 

starvation-induced autophagy in BEAS-2B airway epithelial cells.  

4.5.2 Knockdown of Beclin-1 or Atg7 modestly inhibits RV-induced CXCL8, 

but not CCL5, production in BEAS-2B cells 

After confirming that knockdown of autophagy regulators Bec1 and Atg7 inhibited 

autophagic activity in BEAS-2B cells, the effect of the knockdown on RV-induced 

inflammatory responses was next investigated. Viral infection was conducted after 48 h 

siRNA-transfection, the time-point at which the autophagy proteins were shown to be 

effectively knocked down (Figure 4.13, 4.14).  

BEAS-2B cells were left untransfected, transfected with a non-targeting scrambled control 

siRNA, or transfected with siRNA targeting Bec1 or Atg7, at 100 nM. After 48 h 

transfection, cells were infected with RV at a TCID50/ml of 0.5x10
7
 or 1.0x10

7
 as described 

in Section 2.6.3, or stimulated with poly(I:C) at 1 or 10 µg/ml. After 24 h (i.e. 72 h post-

transfection), cell-free supernatants were collected to determine cytokine release, as measured 

by ELISA (Section 2.15). Cells were also lysed, total protein extracted, and western blotting 

for Bec1, Atg7 and actin performed (Section 2.14).  

Figure 4.16A shows that Bec1 knockdown remained evident, although incomplete, at 24 h 

p.i. (i.e. 72 h after siRNA transfection). However, knockdown of Bec1 protein only resulted 

in a moderate reduction of CXCL8 production in response to RV-1B only, with no effects on 

generation of CXCL8 or CCL5 induced by RV-16 or poly(I:C) (Figure 4.16).  
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Figure 4. 15 Knockdown of Beclin-1 or Atg7 inhibits basal autophagy and nutrient-

starvation-induced autophagy in BEAS-2B cells. 

BEAS-2B cells were grown on glass cover slips and transfected with a non-targeting 

scrambled control siRNA (siControl) (A, D), or siRNA targeting Beclin-1 (siBec1) (B, E) or 

Atg7 (siAtg7) (C, F) at 100 nM. After 48 h transfection, cells were either left untreated (A-C), 

or nutrient-starved (Starvation; immersed in HBSS buffer) for 2 h (D-F). Cells were then 

fixed and immunostained for endogenous LC3 (green) and nucleus (blue). Images were 

captured using fluorescence microscopy at x60 objective lens magnification. The green LC3 

puncta represent autophagosomes. Data shown are representative images of n = 3 

independent experiments.   
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Figure 4. 16 Knockdown of Beclin-1 modestly inhibits RV-induced CXCL8, but not 

CCL5, production in BEAS-2B cells.   

BEAS-2B cells were either left untransfected (Utx), or transfected with a non-targeting 

scrambled control siRNA (Scr) or siRNA targeting Beclin-1 (Bec1) at 100 nM. After 48 h 

transfection, cells were infected with RV-1B or RV-16 at the indicated TCID50/ml for 1 h 

(following which supernatants were replaced with media) (B, C), or stimulated with poly(I:C) 

at the indicated concentrations (D, E); and cells were then cultured for 24 h. (A) Whole-cell 

lysates were analysed by Western blot using Abs specific to Bec1 or actin. A blot 

representative of 3 independent experiments is shown. Data shown for RV-1B and RV-16 are 

using a TCID50/ml of 0.5x10
7
, and for poly(I:C) is using a concentration of 1 µg/ml. Cell-free 

supernatants were also collected, and CXCL8 (B, D) and CCL5 (C, E) release was measured 

by ELISA. Data shown are mean ± SEM of n = 3 independent experiments. The only 

significant difference on chosen statistical testing is indicated by **, p < 0.01, analysed by 

two-way ANOVA with Bonferroni’s post-test. LD = limit of detection. 
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Despite the strong knockdown observed (Figure 4.17A), silencing of Atg7 expression only 

modestly attenuated CXCL8 generation caused by RV-16 infection or poly(I:C) (Figure 

4.17B, D). Similar to the Bec1 knockdown data (Figure 4.16C, E), CCL5 production in 

response to both RV infection or poly(I:C) was preserved in Atg7-knockdown-BEAS-2B 

cells  (Figure 4.17C, E).  

4.5.3 Knockdown of LC3 does not inhibit RV-induced cytokine production in 

BEAS-2B cells 

SiRNA-mediated knockdown of Bec1 or Atg7 had only moderate effects on CXCL8 

generation, with no effects on CCL5 production (Section 4.5.2). In contrast, 3-MA 

suppressed IFN/CCL5 production more potently than CXCL8 generation (Section 4.3.1). 

Recently, studies have shown that non-canonical forms of macroautophagy can bypass Bec1 

and Atg7, but LC3 remains crucial to autophagy (reviewed in Codogno et al., 2012). To 

assess whether RV and poly(I:C) could induce non-canonical autophagy susceptible to 3-MA 

but not Bec1 or Atg7 knockdown, siRNA-mediated knockdown of LC3 was performed.  

Again, a pilot experiment was first carried out to determine the optimal concentration of 

LC3-targeting siRNA to be used, and to assess at which time-point LC3 protein knockdown 

is most efficient. BEAS-2B cells were left untransfected, incubated with the transfection 

reagent alone (mock), or transfected with a non-targeting scrambled control siRNA or siRNA 

targeting LC3 at 100 or 200 nM. After 48 or 72 h transfection, cells were lysed, total protein 

extracted, and western blotting for LC3 and actin performed (Section 2.14). Based on a single 

experiment, comparable levels of knockdown were seen in cells treated with 100 and 200 nM 

of LC3-targeting siRNA (Figure 4.18). Expression of LC3 protein was substantially knocked 

down at 48 h post-transfection, and remained low after 72 h transfection (Figure 4.18). 

Having established the optimal conditions for LC3 knockdown assays, the effect of LC3 

knockdown on RV-induced cytokine responses was then examined. BEAS-2B cells were left 

untransfected, transfected with a non-targeting scrambled control siRNA, or transfected with 

siRNA targeting LC3 at 100 nM. After 48 h transfection, cells were infected with RV at a 

TCID50/ml of 0.5x10
7
 or 1.0x10

7
 as described in Section 2.6.3, or stimulated with poly(I:C) at 

1 or 10 µg/ml. After 24 h (i.e. 72 h post-transfection), cell-free supernatants were collected to 

determine cytokine release, as measured by ELISA (Section 2.15). Cells were also lysed, 

total protein extracted, and western blotting for LC3 and actin performed (Section 2.14).  
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Figure 4. 17 Knockdown of Atg7 modestly inhibits RV-induced CXCL8, but not 

CCL5, production in BEAS-2B cells.   

BEAS-2B cells were either left untransfected (Utx), or transfected with a non-targeting 

scrambled control siRNA (Scr) or siRNA targeting Atg7 at 100 nM. After 48 h transfection, 

cells were infected with RV-16 at the indicated TCID50/ml for 1 h (following which 

supernatants were replaced with media) (B, C), or stimulated with poly(I:C) at the indicated 

concentrations (D, E); and cells were then cultured for 24 h. (A) Whole-cell lysates were 

analysed by Western blot using Abs specific to Atg7 or actin. A blot representative of 4 

independent experiments is shown. Data shown for RV-16 are using a TCID50/ml of 0.5x10
7
, 

and for poly(I:C) is using a concentration of 1 µg/ml. Cell-free supernatants were also 

collected, and CXCL8 (B, D) and CCL5 (C, E) release was measured by ELISA. Data shown 

are mean ± SEM of n = 4 independent experiments. Significant differences are indicated by *, 

p < 0.05; ***, p < 0.001 and ****, p < 0.0001, analysed by two-way ANOVA with 

Bonferroni’s post-test. LD = limit of detection. 
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Figure 4. 18 Time- and dose-response of siRNA-mediated knockdown of LC3.  

BEAS-2B cells were either left untransfected (Utx), transfected with the transfection reagent 

alone (Mock); or transfected with a non-targeting scrambled control siRNA (Scr) or siRNAs 

targeting LC3 at 100 or 200 nM. After 48 or 72 h transfection, whole-cell lysates were 

prepared and analysed by Western blot using Abs specific to LC3 or actin. Data shown are n 

= 1.  
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siRNA targeting of LC3 did not cause a reduction of CXCL8 or CCL5 release from BEAS-

2B cells, in response to RV infection (Figure 4.19B, C). Interestingly, LC3 knockdown 

modestly suppressed CXCL8 production induced by the higher concentration of poly(I:C) 

only (Figure 4.19D). However, LC3-II expression was significantly increased upon RV 

infection (Figure 4.19A), whilst in the previous set of experiments (Figure 4.8A, E), only a 

subtle increase of LC3-II expression was seen in RV-infected cells; as measured at 24 h p.i. 

Figure 4.20A shows all blots obtained from the three independent experiments originally 

performed for Figure 4.19. As shown in Figure 4.20B, densitometric analysis shows that RV-

1B and RV-16 significantly increased LC3-II expression (by ~65% and ~55%, respectively). 

Note that different concentrations of RV were used in the two sets of experiments of Figures 

4.8 and 4.19, which might explain the different results obtained (discussed in Section 

4.8.2.3). 

4.5.4 Knockdown of autophagy pathway proteins has minimal consequences 

for viral replication 

There have been conflicting reports in the literature on the requirement for autophagy in RV 

replication (Klein and Jackson, 2011, Brabec-Zaruba et al., 2007, Jackson et al., 2005), and to 

date, no studies have reported the roles of autophagy in RV replication of airway epithelial 

cells. To study if changes were occurring in viral replication in the absence of modulation of 

cytokine generation, the ability of Bec1 or LC3 knockdown to affect RV replication was 

investigated. BEAS-2B cells were either transfected with a non-targeting scrambled control 

siRNA, or transfected with siRNA targeting Bec1 or LC3 at 100 nM. After 48 h transfection, 

cells were infected with RV at a TCID50/ml of 0.5x10
7
 or 1.0x10

7
 as described in Section 

2.6.3. After 24 h infection (i.e. 72 h post-transfection), cells (~6.1x10
5
) were lysed, cDNA 

synthesised and real-time qPCR for RV performed (Section 2.16-2.18). Samples were 

quantified against a standard curve of plasmids containing RV target sequence.  

In contrast to the effects of 3-MA (Section 4.3.3), knockdown of autophagy protein Bec1 or 

LC3 did not impede viral replication, with an exception of the data obtained in Bec1 

knockdown cells infected with 1x10
7
 TCID50/ml of RV-1B which was modestly reduced, and 

did achieve statistical significance (Figure 4.21).  
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Figure 4. 19 Knockdown of LC3 does not inhibit RV-induced cytokine production in 

BEAS-2B cells.  

BEAS-2B cells were either left untransfected (Utx), or transfected with a non-targeting 

scrambled control siRNA (Scr) or siRNAs targeting LC3 at 100 nM. After 48 h transfection, 

cells were infected with RV-1B or RV-16 at the indicated TCID50/ml for 1 h (following 

which supernatants were replaced with media) (B, C), or stimulated with poly(I:C) at the 

indicated concentrations (D, E); and cells were then cultured for 24 h. (A) Whole-cell lysates 

were analysed by Western blot using Abs specific to LC3 or actin. A blot representative of 3 

independent experiments is shown. Data shown for RV-1B and RV-16 are using a TCID50/ml 

of 0.5x10
7
, and for poly(I:C) is using a concentration of 1 µg/ml. Cell-free supernatants were 

also collected, and CXCL8 (B, D) and CCL5 (C, E) release was measured by ELISA. Data 

shown are mean ± SEM of n = 3 independent experiments. Significant differences are 

indicated by **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001, analysed by two-way 

ANOVA with Bonferroni’s post-test. LD = limit of detection. 
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Figure 4. 20 RV infection significantly increases levels of LC3-II expression in BEAS-

2B cells, as measured by LC3 western blotting. 

Experiments were performed as described in the figure legend of Figure 4.19. Whole-cell 

lysates were analysed by Western blot using Abs specific to LC3 or actin. (A) Blots from 3 

independent experiments are shown. Samples that were densitometrically analysed for LC3-II 

expression (as shown in B) are labelled in blue-font. (B) LC3-II expression was 

densitometrically analysed and normalised to the actin expression as a loading control. Data 

shown are mean ± SEM of n = 3 independent experiments. Significant differences are 

indicated by ***, p < 0.001, analysed by one-way ANOVA with Dunnett’s post-test. 
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Figure 4. 21 Knockdown of autophagy pathway proteins has minimal consequences 

for viral replication.  

BEAS-2B cells were transfected with a non-targeting scrambled control siRNA (Scr), or 

siRNA targeting Bec1 (A) or LC3 (B) at 100 nM. After 48 h transfection, cells were infected 

with RV-1B or RV-16 at the indicated TCID50/ml for 1 h (following which supernatants were 

replaced with media), and cultured for 24 h. RNA was extracted and reverse transcribed for 

qPCR analysis of HRV RNA expression, with data presented as the total intracellular viral 

RNA copies per well. Data shown are mean ± SEM of n = 3 independent experiments. The 

only significant difference on chosen statistical testing is indicated by *, p < 0.05, analysed 

by two-way ANOVA with Bonferroni’s post-test.  
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4.6 Involvement of PI3Ks in responses to RV infection 

4.6.1 Effects of isoform-selective class I PI3K inhibitors on RV-induced 

cytokine production in BEAS-2B cells 

The class III PI3K chemical inhibitor 3-MA, traditionally used to inhibit autophagy, 

suppressed CXCL8, IFN-β and CCL5 generation induced by RV and poly(I:C) (Section 

4.3.1). However, using a more definitive approach (i.e. siRNA-mediated gene knockdown) to 

inhibit autophagy, it was found that autophagy had no or minimal effects on cytokine 

production (Section 4.5). It was therefore postulated that the inhibitory actions of 3-MA 

might be independent of autophagy. Furthermore, recent studies reported that 3-MA can also 

inhibit class I PI3Ks (Lin et al., 2012, Wu et al., 2010). Accordingly, I next wished to 

compare the actions of 3-MA with the effects of a general PI3K inhibitor, LY294002, and a 

panel of selective class I PI3K inhibitors, on RV-induced inflammatory responses.  

Class I PI3Ks have four isoforms, divided based on their structural features and modes of 

regulation: p110α, p110β, p110δ and p110γ (reviewed in Vanhaesebroeck et al., 2010) 

(Section 1.9.1). In this study, concentrations of selective class I PI3K inhibitors were chosen 

as being approximately 10-fold above the published IC50 values (the concentration of an 

inhibitor where the response is reduced by half), and were without noticeable cell toxicity, as 

determined in preliminary concentration-response experiments (data not shown). The PI3K 

inhibitors used were as follows: LY294002 at 10 µM, a general PI3K inhibitor (Vlahos et al., 

1994); PIK-75 at 0.1 µM, predominantly inhibiting class I p110α (IC50 0.006 µM) and to a 

lesser degree p110γ (IC50 0.08 µM) (Knight et al., 2006); TGX-221 at 0.1 µM, predominantly 

inhibiting class I p110β (IC50 0.007 µM) and to a lesser degree p110δ (IC50 0.1 µM) (Poon et 

al., 2012); IC87114 at 5 µM, inhibiting class I p110δ (IC50 0.5 µM) (Patel et al., 2012); 

AS605240 at 0.1 µM, predominantly inhibiting class I p110γ (IC50 0.008 µM) and to a lesser 

degree p110α (IC50 0.06 µM) (Juss et al., 2012); PI-103 at 0.5 µM, a pan class I inhibitor 

(Knight et al., 2006).  

BEAS-2B cells were left uninfected or infected with RV-1B or RV-16 at 1x10
7
 TCID50/ml as 

described in Section 2.6.3. Cells were then immediately treated with DMSO control, or with 

the following PI3K inhibitor: LY294002 (10 µM), PIK-75 (0.1 µM), TGX-221 (0.1 µM), 

IC87114 (5 µM), AS605240 (0.1 µM) or PI-103 (0.5 µM), individually or in combination; 

and cultured for 24 h. Cell-free supernatants were collected to determine cytokine release, as 
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measured by ELISA (Section 2.15). Experiments in Figures 4.22 and Figure 4.23 were 

conducted simultaneously, but results were divided over separate figures for clarity, resulting 

in duplication of the DMSO control bars and PI-103-alone bars in both figures.  

As shown in Figure 4.22, the broad PI3K inhibitor, LY294002, markedly inhibited CXCL8 

(by ~80%) and CCL5 (by ~90%) generation in response to RV-1B or RV-16 infection in 

BEAS-2B epithelial cells. PI-103, a pan class I PI3K inhibitor, also showed a substantial 

reduction of RV-induced CXCL8 and CCL5 production (by ~50% and 70%, respectively) 

(Figure 4.22). However, inhibition of any individual class I PI3K isoform failed to 

significantly reduce RV-induced cytokine production, with the exception of inhibition of 

p110β or p110δ, which significantly suppressed CCL5 generation induced by RV-1B by 

~30% (Figure 4.22E).  

A recently published article revealed that pharmacological inhibition of at least three class I 

PI3K isoforms is required to effectively regulate human neutrophil apoptosis (Juss et al., 

2012). In view of this finding, the effects of combinations of multiple isoform-selective class 

I PI3K inhibitors on RV-induced inflammatory responses were then examined. In agreement 

with the results obtained when the inhibitors were used individually (Figure 4.22), RV-

triggered cytokine responses were least inhibited by p110α and p110γ combinations (Figure 

4.23). Similar to the actions of 3-MA (Figure 4.1), inhibition of any two class I PI3K 

isoforms attenuated CCL5 generation more effectively than CXCL8 production (Figure 4.23). 

For example, inhibition of p110β and p110δ isoforms resulted in ~40% reduction of CCL5, 

but only ~25% reduction of CXCL8 production, in response to RV-1B infection (Figure 

4.23B, E). Interestingly, the pan class I PI3K inhibitor PI-103, suppressed CXCL8 (by ~50%) 

and CCL5 (by ~70%) production more potently than combination of inhibitors targeting all 

four class I PI3K isoforms which only caused ~20% and ~35% reduction of CXCL8 and 

CCL5, respectively (Figure 4.23). 
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Figure 4. 22 Effects of isoform-selective class I PI3K inhibitors on RV-induced 

cytokine production in BEAS-2B cells.  

BEAS-2B cells were left uninfected (A, D); or infected with RV-1B (B, E) or RV-16 (C, F) at 

1x10
7
 TCID50/ml for 1 h (following which supernatants were replaced with media). Cells 

were then immediately treated with DMSO control, or with the indicated PI3K inhibitors (the 

numbers shown after inhibitor names indicate the concentrations used in µM); and cultured 

for 24 h. Cell-free supernatants were collected, and CXCL8 (A, B, C) and CCL5 (D, E, F) 

release was measured by ELISA. Data shown are mean ± SEM of n = 4 independent 

experiments. Significant differences are indicated by *, p < 0.05; **, p < 0.01; and ****, p < 

0.0001 (versus DMSO control), analysed by one-way ANOVA with Tukey’s post-test 

[Abbreviation: C1 = class I inhibitor]. LD = limit of detection. 
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Figure 4. 23 Effects of combinations of multiple isoform-selective class I PI3K 

inhibitors on RV-induced cytokine production in BEAS-2B cells.  

BEAS-2B cells were left uninfected (A, D); or infected with RV-1B (B, E) or RV-16 (C, F) at 

1x10
7
 TCID50/ml for 1 h (following which supernatants were replaced with media). Cells 

were then immediately treated with DMSO control, or with PIK-75 (PIK, 0.1 µM), TGX-221 

(TGX, 0.1 µM), IC87114 (IC, 5 µM), AS605240 (AS, 0.1 µM) or PI-103 (PI, 0.5 µM), 

individually or in combination; and cells were then cultured for 24 h. Cell-free supernatants 

were collected, and CXCL8 (A, B, C) and CCL5 (D, E, F) release was measured by ELISA. 

Note that the data for DMSO controls and for the PI-103 alone are the same experimental 

data that are also displayed in Figure 4.21. Data shown are mean ± SEM of n = 4 independent 

experiments. Significant differences are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001 

and ****, p < 0.0001 (versus DMSO control); or #, p < 0.05; ##, p < 0.01; ###, p < 0.001 and 

####, p < 0.0001; analysed by one-way ANOVA with Tukey’s post-test [Abbreviation: C1 = 

class I inhibitor]. LD = limit of detection. 
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4.6.2 Knockdown of the sole class III PI3K, Vps34 does not inhibit RV-induced 

cytokine release, and does not increase the inhibition of cytokine 

production achieved by a combination of isoform-selective class I PI3K 

inhibitors in BEAS-2B cells 

LY294002 is believed to target all three classes of PI3K: class I, II and III (Vlahos et al., 

1994); whilst 3-MA has recently been shown to inhibit both class I and III PI3Ks (Lin et al., 

2012, Wu et al., 2010). Having found that LY294002 and 3-MA could inhibit RV-induced 

cytokine production (Sections 4.3.1 and 4.6.1), I sought to combine the isoform-selective 

class I PI3K inhibitors tested above with knockdown of the class III PI3K enzyme, Vps34, as 

another strategy to elucidate the effect of simultaneous inhibition of class I and class III 

PI3Ks on cytokine responses.  

Initially, a pilot experiment was conducted to assess at which time-point Vps34 protein 

knockdown is most efficient. BEAS-2B cells were left untransfected, incubated with the 

transfection reagent alone (mock), or transfected with a non-targeting scrambled control 

siRNA or siRNA targeting Vps34 at 100 nM. After 24, 48 or 72 h transfection, cells were 

lysed, total protein extracted, and western blotting for Vps34 and actin performed (Section 

2.14). Based on a single experiment, expression of Vps34 protein was substantially 

suppressed after 48 h transfection, and was found to be further reduced at 72 h post-

transfection (Figure 4.24). 

Having determined the time-point at which Vps34 is effectively suppressed, the effects of 

Vps34 knockdown alone, or in combination with isoform-selective class I PI3K inhibitors, on 

RV-induced cytokine production were next examined. BEAS-2B cells were left 

untransfected, transfected with a non-targeting scrambled control siRNA, or transfected with 

siRNA targeting Vps34 at 100 nM. After 48 h transfection, cells were infected with RV at 

1.0x10
7 

TCID50/ml as described in Section 2.6.3. Cells were then either left untreated or 

treated with a combination of four isoform-selective class I PI3K inhibitors: PIK-75 (α) (0.1 

µM), TGX-221 (β) (0.1 µM), IC87114 (δ) (5 µM) and AS605240 (γ) (0.1 µM), and cultured 

for 24 h. Cell-free supernatants were collected to determine cytokine release, as measured by 

ELISA (Section 2.15). Cells were also lysed, total protein extracted, and western blotting for 

Vps34 and actin performed (Section 2.14). 
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Figure 4. 24 Time-response of siRNA-mediated knockdown of the sole class III PI3K, 

Vps34.  

BEAS-2B cells were either left untransfected (Utx), transfected with the transfection reagent 

alone (Mock); or transfected with a non-targeting scrambled control siRNA (Scr) or siRNA 

targeting Vps34 at 100 nM. After 24, 48 or 72 h transfection, whole-cell lysates were 

prepared and analysed by Western blot using Abs specific to Vps34 or actin. Data shown are 

n = 1.  
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Similar to the results obtained previously (Figure 4.23), a combination of all four isoform-

selective class I PI3K inhibitors significantly reduced cytokine production induced by RV-1B 

or RV-16 infection (Figure 4.25). However, siRNA targeting of Vps34 did not affect cytokine 

generation, and did not intensify the inhibition of cytokine production achieved by a 

combination of class I PI3K inhibitors (Figure 4.25).  

4.6.3 Simultaneous knockdown of class I PI3Ks p110β and p110δ does not 

inhibit RV-induced cytokine production in BEAS-2B cells 

As described in Section 4.6.1, pharmacological inhibition of p110β or p110δ, but not p110α 

or p110γ, isoform of class I PI3K significantly suppressed CCL5 production, whilst inhibition 

of all four isoforms was required to significantly reduce both CXCL8 and CCL5 release. To 

try to definitively demonstrate the involvement of p110β and p110δ in modulating RV-

induced cytokine responses, inhibition of both p110β and p110δ was next carried out using 

siRNA knockdown.  

BEAS-2B cells were left untransfected, or transfected with a non-targeting scrambled control 

siRNA or siRNAs targeting both p110β and p110δ at 200 nM. After 48 h transfection, cells 

were infected with RV-16 at 1x10
7
 TCID50/ml as described in Section 2.6.3. A parallel set of 

siRNA-transfected cells was lysed to verify protein knockdown at this time-point. After 24 h 

infection (i.e. 72 h post-transfection), cell-free supernatants were collected to determine 

cytokine release, as measured by ELISA (Section 2.15). Cells were also lysed, total protein 

extracted, and western blotting for p110β, p110δ and actin performed (Section 2.14). 

As shown in Figure 4.26A, effective, although incomplete, knockdown of class I PI3K p110β 

was achieved after cells were transfected for 48 h (i.e. the time-point by which cells were 

infected with RV) and 72 h (i.e. 24 h post-infection). However, knockdown of p110δ could 

not be confirmed as the commercially available anti-p110δ antibodies tested did not generate 

clean westerns that would allow valid interpretation of levels of knockdown. With an 

assumption that p110δ was successfully knocked down (similar to that of p110β), 

simultaneous knockdown of both beta and delta isoforms of class I PI3K failed to inhibit 

cytokine production in response to RV-16 infection (Figure 4.26).  
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Figure 4. 25 Knockdown of the sole class III PI3K, Vps34 does not inhibit RV-induced 

cytokine release, and does not increase the inhibition of cytokine production achieved 

by a combination of isoform-selective class I PI3K inhibitors in BEAS-2B cells.  

BEAS-2B cells were either left untransfected (Utx), or transfected with a non-targeting 

scrambled control siRNA (Scr) or siRNA targeting Vps34 at 100 nM. After 48 h transfection, 

cells were infected with RV-1B (C, F) or RV-16 (D, G) at 1x10
7
 TCID50/ml for 1 h 

(following which supernatants were replaced with media). Cells were then either left 

untreated or treated with a combination of four isoform-selective class I (C1) PI3K inhibitors 

[PIK-75 (α) (0.1 µM), TGX-221 (β) (0.1 µM), IC87114 (δ) (5 µM) and AS605240 (γ) (0.1 

µM)]; and cultured for 24 h. (A) Whole-cell lysates were analysed by Western blot using Abs 

specific to Vps34 or actin. Image shown is a representative blot of levels of Vps34 

knockdown. Cell-free supernatants were collected, and CXCL8 (B, C, D) and CCL5 (E, F, G) 

release was measured by ELISA. Data shown are mean ± SEM of n = 3 independent 

experiments. Significant differences are indicated by **, p < 0.01 and ****, analysed by two-

way ANOVA with Bonferroni’s post-test. LD = limit of detection.  
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Figure 4. 26 Simultaneous knockdown of class I PI3Ks p110β and p110δ does not 

inhibit RV-induced cytokine production in BEAS-2B cells.  

BEAS-2B cells were either left untransfected (Utx), or transfected with a non-targeting 

scrambled control siRNA (Scr) or siRNAs targeting p110β and p110δ at 200 nM. After 48 h 

transfection, cells were infected with RV-16 at 1x10
7
 TCID50/ml for 1 h (following which 

supernatants were replaced with media); and cultured for 24 h. (A) Whole-cell lysates were 

analysed by Western blot using Abs specific to p110β or actin. A blot representative of 3 

independent experiments is shown. Cell-free supernatants were also collected, and CXCL8 

(B) and CCL5 (C) release was measured by ELISA. Data shown are mean ± SEM of n = 3 

independent experiments. Knockdown of p110δ could not be confirmed by Western blot as 

there was no good p110δ antibody available. LD = limit of detection. 
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4.6.4 PI3K inhibitors LY294002 and PI-103 reduce viral replication 

As the PI3K inhibitor 3-MA can inhibit viral replication (Section 4.3.3), the ability of 

LY294002, PI-103 and a cocktail of isoform-selective class I PI3K inhibitors to modulate 

viral replication was then studied. BEAS-2B cells were infected with RV-1B or RV-16 at 

1x10
7
 TCID50/ml as described in Section 2.6.3. Cells were then immediately treated with 

DMSO control, or with LY294002 (10 µM), PI-103 (0.5 µM) or a combination of four 

isoform-selective class I PI3K inhibitors [PIK-75 (α) (0.1 µM), TGX-221 (β) (0.1 µM), 

IC87114 (δ) (5 µM) and AS605240 (γ) (0.1 µM)]; and cultured for 24 h. Cells (~6.1x10
5
) 

were lysed, cDNA synthesised and real-time qPCR for RV performed (Section 2.16-2.18). 

Samples were quantified against a standard curve of plasmids containing RV target sequence. 

Similar to the effects of 3-MA (Section 4.3.3), both LY294002 and PI-103 markedly 

suppressed viral replication (by ~70% and ~40%, respectively), although statistical 

significance was only achieved for LY294002 (Figure 4.27). The combination of class I PI3K 

inhibitors only modestly reduced RV-1B replication by ~20% (Figure 4.27A), but did not 

affect RV-16 replication (Figure 4.27B).  

4.6.5 LY294002 and PI-103 inhibit poly(I:C)-induced cytokine production in 

BEAS-2B cells 

To ascertain if PI3K inhibition could regulate TLR3-dependent cytokine induction, 

independently of its ability to impede viral replication that could also result in reduced 

cytokine production, the effects of LY294002 and PI-103 on poly(I:C)-induced cytokine 

generation were investigated. BEAS-2B cells were stimulated with poly(I:C) at 1 or 10 

µg/ml, and treated with DMSO control, or with LY294002 (10 µM) or PI-103 (0.5 µM); and 

cultured for 24 h. Cell-free supernatants were collected to determine cytokine release, as 

measured by ELISA (Section 2.15).  

The PI3K inhibitor LY294002 significantly inhibited CXCL8 and CCL5 production induced 

by poly(I:C) (Figure 4.28). Comparable to the actions of 3-MA, PI-103 suppressed CCL5 

production (Figure 4.28B) more potently than CXCL8 generation (Figure 4.28A).  
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Figure 4. 27 PI3K inhibitors LY294002 and PI-103 reduce viral replication in BEAS-

2B cells. 

BEAS-2B cells were infected with RV-1B (A) or RV-16 (B) at 1x10
7
 TCID50/ml for 1 h 

(following which supernatants were replaced with media). Cells were then immediately 

treated with DMSO control, or with LY294002 (10 µM), PI-103 (0.5 µM) or a combination 

of four isoform-selective class I (C1) PI3K inhibitors [PIK-75 (α) (0.1 µM), TGX-221 (β) 

(0.1 µM), IC87114 (δ) (5 µM) and AS605240 (γ) (0.1 µM)]; and cultured for 24 h. RNA was 

extracted and reverse transcribed for qPCR analysis of HRV RNA expression, with data 

presented as the total intracellular viral RNA copies per well. Data shown are mean ± SEM of 

n = 4 independent experiments. Significant differences are indicated by *, p < 0.05, analysed 

by one-way ANOVA with Tukey’s post-test. 
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Figure 4. 28 LY294002 and PI-103 inhibit poly(I:C)-induced cytokine production in 

BEAS-2B cells. 

BEAS-2B cells were stimulated with poly(I:C) at the indicated concentrations and treated 

with DMSO control, or with LY294002 (10 µM) or PI-103 (0.5 µM). After 24 h, cell-free 

supernatants were collected, and release of CXCL8 (A) and CCL5 (B) were measured by 

ELISA. Data shown are mean ± SEM of n = 4 independent experiments. Significant 

differences are indicated by **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001, analysed by 

two-way ANOVA with Bonferroni’s post-test. LD = limit of detection. 
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4.6.6 3-MA also targets IFN signalling pathways 

Having found that PI3K inhibition, rather than effects on autophagy, appeared to account for 

the results obtained using 3-MA, I then returned to study 3-MA and examine its ability to 

regulate other pathways that are involved in antiviral immunity. A serine/threonine protein 

kinase, Akt, is the best studied downstream effector of PI3K (reviewed in Manning and 

Cantley, 2007). PI3K and Akt pathways have been shown to modulate the cellular responses 

to IFNs (Kaur et al., 2008a). I therefore wished to explore if the inhibitory actions of 3-MA is 

due to its direct effects on TLR3 signalling, or through additional inhibition of the resulting 

autocrine IFN signalling. Thus, I sought to examine whether exogenous IFN could rescue the 

poly(I:C)-induced cytokine generation, in the presence of 3-MA. BEAS-2B cells were 

stimulated with poly(I:C) at 1 or 10 µg/ml, and treated with IFN-β (100 ng/ml), 3-MA (3 

mM) or IFN-β/3-MA in combination; and cultured for 24 h. Cell-free supernatants were 

collected to determine cytokine release, as measured by ELISA (Section 2.15). 

No production of CXCL8 or CCL5 was observed upon treatment with exogenous IFN-β 

alone (Figure 4.29). However, IFN-β augmented the production of CCL5 induced by 

poly(I:C) (Figure 4.29B). Interestingly, IFN-β treatment was able to rescue the production of 

CXCL8 induced by poly(I:C) that had been impaired by 3-MA (Figure 4.29A), and partially 

rescue the actions of 3-MA on the generation of CCL5 (Figure 4.29B). These data imply that 

the effects of 3-MA may be mediated at least in part through targeting of IFN signalling. 

 

4.7 Rapamycin, an mTOR inhibitor, reduces RV- or poly(I:C)-induced 

cytokine production in BEAS-2B cells 

The serine/threonine protein kinase, mTOR, is one of the downstream targets of the class I 

PI3Ks, and is involved in many cellular processes including protein synthesis and cell 

proliferation (reviewed in Sarbassov et al., 2005). As mentioned in Section 4.4.2, mTOR also 

serves as an autophagy suppressor (reviewed in Meijer and Codogno, 2004) (See Section 

1.9.2.2 for the role of mTOR signalling in autophagy modulation). I noted that both 

LY294002 and PI-103 can also directly inhibit mTOR at the concentrations used in this study 

(Brunn et al., 1996, Knight et al., 2006), and 3-MA can inhibit mTOR via inhibition of PI3K 

function (Wu et al., 2010). It was therefore hypothesised that the inhibitory effect of  
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Figure 4. 29 3-MA in part targets IFN signalling pathways in BEAS-2B cells.  

BEAS-2B cells were stimulated with poly(I:C) at the indicated concentrations and treated 

with IFN-β (100 ng/ml), 3-MA (3 mM) or IFN-β/3-MA in combination. After 24 h, cell-free 

supernatants were collected, and release of CXCL8 (A) and CCL5 (B) were measured by 

ELISA. Data shown are mean ± SEM of n = 4 independent experiments. Significant 

differences are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001, 

analysed by two-way ANOVA with Bonferroni’s post-test. LD = limit of detection. 
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LY294002, PI-103 and 3-MA on cytokine responses might be partly due to mTOR inhibition. 

To test this hypothesis, rapamycin, an mTOR inhibitor, was utilised. 

BEAS-2B cells were infected with RV-16 at 1x10
7
 TCID50/ml as described in Section 2.6.3, 

or stimulated with poly(I:C) at 10 µg/ml. Cells were then immediately treated with rapamycin 

at 100 or 200 nM, and cultured for 24 h. Cell-free supernatants were collected to determine 

cytokine release, as measured by ELISA (Section 2.15). As shown in Figure 4.30, rapamycin 

suppressed CCL5 generation, and to a lower degree CXCL8 generation, induced by RV-16 

infection or poly(I:C) stimulation.  
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Figure 4. 30 Rapamycin reduces RV- or poly(I:C)-induced cytokine production in 

BEAS-2B cells.  

BEAS-2B cells were infected with RV-16 at 1x10
7
 TCID50/ml for 1 h (following which 

supernatants were replaced with media) (A, B), or stimulated with poly(I:C) at 10 µg/ml (C, 

D). Cells were then immediately treated with rapamycin at the indicated concentrations and 

cultured for 24 h. Cell-free supernatants were collected, and release of CXCL8 (A, C) and 

CCL5 (B, D) were measured by ELISA. Data shown are mean ± SEM of n = 3 independent 

experiments. Significant differences are indicated by *, p < 0.05 and **, p < 0.01, analysed 

by two-way ANOVA with Bonferroni’s post-test. LD = limit of detection. 
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4.8 Discussion 

4.8.1 Summary 

The results presented in this chapter show for the first time 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 Bec1, LC3, Atg7, or the autophagy-specific class III 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 

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 I 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.  

 

4.8.2 The role of autophagy in responses to RV infection 

TLR3 recognises RV dsRNA, formed during viral replication (Wang et al., 2009, Slater et al., 

2010). However, how the cytosolic dsRNA gains access to the endosome where TLR3 

resides remains unclear.  Autophagy is a PI3K-dependent pathway that involves sequestration 

of cytosolic damaged organelles and unused proteins in double-membrane vesicles termed 

autophagosomes, and the autophagic cargo is later delivered to lysosomes for degradation 

and recycling of amino acid pools (reviewed in Codogno et al., 2012) (Section 1.8). Beyond 

its key function in cellular homeostasis, autophagy has recently been shown to participate in 

antiviral innate immunity via multiple mechanisms, such as by directly entrapping and 

degrading virions and virion components (a process termed xenophagy), and by mediating 

the detection of cytosolic viral RNAs by endosomal TLRs (reviewed in Deretic et al., 2013, 

Jordan and Randall, 2011). In VSV infection, the production of antiviral IFN-α by murine 

plasmacytoid DCs was found to be dependent upon the autophagic delivery of viral 
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replication intermediates to endosomal TLR7 (Lee et al., 2007). However, whether autophagy 

is required for the presentation of cytoplasmic dsRNA to the TLR3-containing endosomes 

remains unknown. Therefore, the present study aimed to examine if the TLR3-mediated 

inflammatory responses to RV infection are dependent upon the autophagy pathway, and to 

investigate whether autophagy is involved in the control of RV replication.  

In the context of COPD, increasing evidence suggests that autophagy may play a complex 

role in this lung disease, by which autophagy may cause either a favourable or deleterious 

phenotype depending on the disease process (reviewed in Mizumura et al., 2012, Haspel and 

Choi, 2011). Chen and colleagues demonstrated that autophagy was augmented 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 showed that autophagy was increased in vitro in 

normal primary HBECs exposed to CSE, and in vivo in the lungs of mice that were 

chronically exposed to cigarette smoke (Chen et al., 2008). The same group also found 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 results 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 are cell-type specific.  

Since airway epithelial cells are known to be the primary site of RV infection and replication 

(Papadopoulos et al., 2000, reviewed in Jackson and Johnston, 2010), this study utilised this 

cell type to investigate the potential role for autophagy in mediating RV-induced 

inflammatory responses. Furthermore, RV-induced acute exacerbations of COPD are initially 

mediated by the proinflammatory cytokines produced by airway epithelial cells (reviewed in 

Papi et al., 2007, Mallia and Johnston, 2006) (Section 1.3.3). 

4.8.2.1 Autophagy has little role in the cytokine response to RV or control of RV 

replication in airway epithelial cells 
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Whilst studies exploring the involvement of autophagy in RV replication have been reported 

(Klein and Jackson, 2011, Brabec-Zaruba et al., 2007, Jackson et al., 2005), there are no 

studies to date specifically investigating the roles of autophagy in the induction of cytokine 

responses to RV infection. Meanwhile, autophagy has been shown to play a role in regulating 

the production of proinflammatory cytokines and type I IFNs in response to other viral 

infections including RSV (Morris et al., 2011), VSV (Lee et al., 2007), coxsackie virus 

(Gorbea et al., 2010), simian virus 5 (Manuse et al., 2010), avian influenza virus H5N1 (Pan 

et al., 2013), and HIV-1 (Zhou et al., 2012). 

To begin exploring the effects of inhibition of autophagy on RV-induced innate cytokine 

production, I initially utilised 3-MA, which whilst originally thought of as a specific inhibitor 

of class III PI3K (and thus autophagy), is now known to be able to inhibit class I PI3K (Lin et 

al., 2012, Wu et al., 2010). However, 3-MA is still a commonly used approach to inhibit 

autophagy. In fact, it was utilised by the two studies investigating the requirement for 

autophagy in RV replication (Klein and Jackson, 2011, Brabec-Zaruba et al., 2007), and by 

several studies investigating the role of autophagy in the responses to other viral infections 

such as RSV (Morris et al., 2011), VSV (Lee et al., 2007) and coxsackie virus (Gorbea et al., 

2010, Wong et al., 2008). In this thesis, it was found that 3-MA suppressed production of 

CXCL8, IFN-β and the IFN-stimulated gene CCL5 in the BEAS-2B airway epithelial cells, in 

response to RV infection (discussed further in Section 4.8.3). 

Inhibition of autophagy was then performed using a more specific approach, siRNA, by 

which proteins crucial to this pathway (i.e. Bec1, Atg7 and LC3) were knocked down using 

this technique. The autophagy-related proteins were chosen for their vital roles during the 

nucleation, elongation and closure of autophagosomes (reviewed in Codogno et al., 2012) 

(See Figure 1.8 for the schematic diagram of the autophagy pathway). Initially, confirmation 

was sought that targeting of these proteins could indeed inhibit autophagy. Although total 

knockdown of the autophagy-related proteins Bec1 and Atg7 was not achieved, suppression 

of these proteins by siRNAs resulted in the reduction of basal autophagy and nutrient 

starvation-induced autophagy.  

In contrast to the actions of 3-MA, knockdown of Bec1 or Atg7 had only modest effects on 

RV-induced CXCL8 production, with no effects on CCL5 generation; whilst knockdown of 

LC3 failed to inhibit both CXCL8 and CCL5 release from the BEAS-2B airway epithelial 

cells. This led to the hypothesis that the inhibitory actions of the pharmacological inhibitor 3-
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MA on RV-induced cytokine production might not be due to autophagy inhibition, and in fact 

the subsequent experiments suggested that 3-MA might exert its inhibitory effects on RV-

induced cytokine responses via class I PI3K inhibition (discussed further in Section 4.8.3). 

Furthermore, to improve the targeting of the autophagy pathway, another member of our 

research group has conducted experiments with dual siRNA-mediated knockdown of Bec1 

and Atg7; and the results showed no additional effects on RV-induced cytokine generation 

when both siRNAs were combined (Ismail et al., 2014). This is the first study to demonstrate 

that autophagy is not involved in the cytokine responses to RV infection, whilst previous 

studies have reported that autophagy is required for the cytokine induction upon other viral 

infections. Morris et al. showed that in Bec1-deficient mice, or murine DCs deficient in LC3 

following siRNA-mediated knockdown, the production of several innate cytokines was 

reduced, including IL-6, TNF-α, IFN-β and CCL5, in response to infection with RSV, which 

is also a respiratory virus (Morris et al., 2011). Furthermore, a study by Lee and colleagues 

demonstrated that DCs isolated from Atg5-deficient mice secreted less IFN-α following VSV 

infection, as compared to the control mice (Lee et al., 2007). 

Our group has recently shown that autocrine release of the proinflammatory cytokine IL-1β 

by RV-infected airway epithelial cells can amplify CXCL8 production (Stokes et al., 2011, 

Piper et al., 2013). Therefore, one potential explanation for the current finding that inhibition 

of autophagy only modestly affected RV-induced CXCL8 generation, without impairing 

production of CCL5, is due to the direct roles of autophagy in mediating IL-1β processing 

and secretion (Dupont et al., 2011, Harris et al., 2011) (discussed further in Section 4.8.2.2). 

Autophagy inhibition would result in lower release of RV-induced IL-1β from epithelial cells 

consequently suppressing production of CXCL8 by these cells. 

There have been conflicting reports in the literature on the requirement for autophagy in RV 

replication. 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 favour their replications 

(Klein and Jackson, 2011, Jackson et al., 2005). The two separate groups suggested that the 

potential reasons for the conflicting data could be due to the different assays used to monitor 

autophagy induction, and the different concentrations of viruses and pharmacological 
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autophagy inhibitors used (Brabec et al., 2006, Klein and Jackson, 2011, Jackson et al., 

2005). However, these three previously published studies were performed 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. This study aimed to investigate if autophagy could still regulate viral replication in the 

absence of modulation of cytokine generation in BEAS-2B airway epithelial cells. For the 

first time, the current study showed that knockdown of autophagy protein Bec1 or Atg7 did 

not impede RV replication in airway epithelial cells, consistent with the data obtained by 

Brabec-Zaruba and colleagues using HeLa cells (Brabec-Zaruba et al., 2007).  

Taken together, this study is the first to show that autophagy is not important in the control of 

inflammatory responses to RV or control of RV replication in the airway epithelial cells. 

Although one may argue that a role for autophagy in regulating RV-induced responses was 

not seen due to the incomplete knockdown of Bec1, Atg7 or LC3, the finding that siRNA-

mediated suppression of Bec1 or Atg7 protein resulted in the reduction of basal autophagy 

and nutrient starvation-induced autophagy suggests otherwise. Furthermore, subsequent 

experiments suggested that the inhibitory effects of 3-MA (traditionally used to inhibit 

autophagy) on RV-induced cytokine production was due to its effects beyond the class III 

PI3K enzyme, potentially via targeting of the class I PI3K family (discussed further in 

Section 4.8.3).  

4.8.2.2 The modest decrease of RV-induced CXCL8 production upon autophagy 

inhibition may be due to the roles of autophagy in regulating IL-1β 

production and secretion 

As discussed in Section 4.8.2.1, siRNA-mediated knockdown of autophagy proteins Bec1 

and Atg7 only modestly reduced CXCL8, and did not affect CCL5, production in RV-

infected airway epithelial cells. One potential explanation may be the direct roles of 

autophagy in regulating IL-1β processing and secretion (Dupont et al., 2011), and indeed our 

group has demonstrated that autocrine release of IL-1β by RV-infected airway epithelial cells 

can augment CXCL8 expression (Stokes et al., 2011, Piper et al., 2013). Our group also 

revealed that addition of IL-1ra, the specific antagonist of IL-1R1 (the receptor for IL-1β; see 

Section 1.5), reduced RV-1B-induced CXCL8 generation in BEAS-2B airway epithelial cells 

(Stokes et al., 2011). Furthermore, similar results were obtained in MyD88-deficient cells 

(MyD88 is an important adaptor protein involved in IL-1β signalling; see Section 1.5.1) 
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(Stokes et al., 2011). A related study performed by our collaborators using primary HBECs 

demonstrated that addition of IL-1ra completely inhibited the production of CXCL8 and IL-6, 

without affecting CXCL10 generation (Piper et al., 2013). Meanwhile, Dupont and coworkers 

showed that autophagy was involved in the unconventional secretion of IL-1β in murine bone 

marrow-derived macrophages (Dupont et al., 2011). The group found that starvation-induced 

autophagy enhanced IL-1β secretion and that blocking autophagosome maturation using 

bafilomycin A1 reduced the IL-1β release from the starvation-treated cells. Using 

immunofluorescence confocal microscopy, they discovered that IL-1β and the key marker of 

autophagosomes, LC3, colocalised. The authors also discovered that autophagy can capture 

cytosolic IL-1β and mediates its release via an unconventional secretory pathway that is 

dependent on the Golgi reassembly stacking protein (GRASP) and post-Golgi membrane 

trafficking and exocytosis regulator, Rab8a (Dupont et al., 2011).  

Collectively, although autophagy is not directly involved in the cytokine induction in 

response to RV infection (particularly for antiviral cytokines) (Section 4.8.2.1), the current 

data in conjunction with previous studies suggest that autophagy inhibition could modestly 

reduce RV-induced CXCL8 generation by inhibiting autocrine IL-1β production and 

secretion. Further investigation is needed to verify this proposed mechanism and if positive 

results were obtained, this would then imply that therapeutic targeting of autophagic pathway 

may reduce the virally induced, CXCL8-mediated, neutrophilic inflammation caused by the 

proinflammatory cytokine IL-1β, without affecting the antiviral arm of the innate immune 

response.  

4.8.2.3 RV infection induces autophagy in airway epithelial cells 

There have been conflicting data in the literature on the ability of RV to promote autophagy. 

In their studies of RV-2 (a minor group RV serotype), Brabec-Zaruba et al. showed that this 

particular serotype of RV did not induce autophagy (Brabec-Zaruba et al., 2007). In contrast, 

another group demonstrated that RV-2 and RV-14 (a major group RV serotype) induced 

autophagosome formation (Klein and Jackson, 2011, Jackson et al., 2005); although the 

groups more recent publication also showed that RV-1A, another minor group RV serotype, 

did not promote autophagy (Klein and Jackson, 2011). However, again these published 

studies were performed using HeLa cells, a human cervical epithelial cell line. It would be of 

greater relevance to perform the experiments using the natural host cell of RV, the airway 
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epithelium. Therefore, this study aimed to investigate if RV could promote autophagy in the 

airway epithelial cells.  

The most widely used indication of autophagic activation is the modification of the cellular 

protein LC3 from a cytosolic form (LC3-I) to a membrane-bound form (LC3-II) (reviewed in 

Klionsky et al., 2012). LC3-II protein levels can be detected by several techniques, however 

the easiest and cheapest approach is by western blotting. Hence this assay was first utilised in 

this study. BEAS-2B airway epithelial cells were infected with RV, and autophagy induction 

was assessed at 6 h and 24 h p.i. as previous studies have shown that RV significantly 

induced autophagy in cervical epithelial HeLa cells at these two time-points (Klein and 

Jackson, 2011, Brabec-Zaruba et al., 2007). Initially, it was found that RV infection only 

caused a subtle increase of LC3-II protein in the airway epithelial cells, as analysed by 

western blotting (Section 4.4.1). Meanwhile, levels of LC3-II were significantly increased by 

bafilomycin A1 (an inhibitor of autophagosomal degradation), indicating that autophagy was 

basally active in BEAS-2B cells. Having found that RV only caused a very modest increase 

of autophagic activity (as determined by western blotting), further experiments were then 

carried out to examine if significant increases in LC3-II expression could be detected in 

BEAS-2B cells using other known autophagy stimuli (i.e. rapamycin, nutrient starvation and 

CSE) (Sections 4.4.2-4.4.4). Furthermore, it was crucial to find a reliable and reproducible 

technique to measure autophagy and an effective autophagy stimulus prior to performing the 

subsequent autophagy protein knockdown experiments (Section 4.5) (these optimisation 

experiments are discussed further in the following paragraph). Of note, in the subsequent 

LC3-II knockdown experiments (Section 4.5.3) a lower concentration of RV significantly 

upregulated LC3-II expression, although further work using a range of viral concentrations is 

required to confirm this finding. Moreover, a report was published during the course of this 

work showing that RV-16 infection induced autophagy in NCI-H292 cells, which is also a 

human lung epithelial cell line (Wu et al., 2013); hence supporting the data obtained in the 

present study. 

As mentioned earlier, several optimisation experiments were performed to find a good assay 

to monitor autophagic activity and an effective autophagy stimulus, prior to conducting 

autophagy protein knockdown experiments. However, methods for assessing autophagy are 

not straight-forward (reviewed in Klionsky et al., 2012, Mizushima et al., 2010). In contrast 

to previous studies (Zhu et al., 2013a, Zhang et al., 2012), increased levels of LC3-II were not 
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seen when the BEAS-2B cells were treated with the autophagy stimuli rapamycin and 

nutrient starvation; as detected by western blotting. The reasons for not seeing increased 

LC3-II levels remain unknown. As nutrient starvation and rapamycin failed to induce 

autophagy when assessed by LC3 western blotting another technique commonly used to 

monitor autophagic activity (i.e. fluorescence microscopy) was then utilised. Accumulation 

of GFP-tagged-LC3 puncta in cells transfected with GFP-LC3-expressing plasmids is a 

widely accepted marker of autophagosome formation (reviewed in Mizushima et al., 2010) 

and was therefore used in the present study. This study also utilised CSE as another 

autophagy stimulus as it has been shown to activate autophagy in BEAS-2B cells (Hwang et 

al., 2010, Chen et al., 2008). It was found that the transfection efficiencies (indicated by the 

percentage of GFP-expressing cells) were relatively low, and varied between samples. CSE, 

rapamycin or nutrient starvation treatment failed to induce formation of exogenous GFP-LC3 

puncta; regardless of whether the cells were fixed prior to visualisation, or visualised live. 

The explanations for not observing increased levels of LC3 puncta as analysed by 

fluorescence microscopy are unclear, although it could be merely because the experimental 

protocol was not optimised. As discussed in a recent extensive review article detailing the use 

and interpretation of assays for measuring autophagy (Klionsky et al., 2012), the main reason 

exogenous GFP-LC3 transfection assay is used by many studies to monitor autophagy 

induction (and therefore used in the present work) is because endogenous LC3 protein is not 

always detectable by fluorescence microscopy, due to its very low expression in certain cell 

types. However, the initial attempt to monitor autophagy induction using GFP-LC3 

transfection assay was unsuccessful, thus autophagic activity was subsequently determined 

by detecting endogenous LC3 protein using fluorescence microscopy. Using the endogenous 

LC3-II staining assay, a markedly increased number of endogenous LC3 puncta were 

observed in cells exposed to nutrient starvation or torin2 (a newly characterised mTOR 

inhibitor that can induce autophagy). Accordingly, this approach was next utilised in the 

subsequent experiments to confirm the siRNA-mediated knockdown of autophagy proteins 

(Section 4.5.1). Due to time constraints, experiments using this technique to validate if RV 

infection could indeed promote autophagy in the lung epithelial cells have not been 

performed in this study. Other methods that can be used to assess autophagy are discussed in 

Section 4.8.5 (Limitations and future work).  

Overall, this study shows that RV infection can induce autophagy in the airway epithelial 

cells; although further experiments using a different approach to measure autophagy (i.e. 
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endogenous LC3 staining) and a range of viral doses are required to validate this finding. The 

data also highlight the limitations associated with the methods used for measuring autophagic 

activity. In fact, in the extensive review on guidelines for monitoring autophagy (Klionsky et 

al., 2012), the authors pointed out that the success of assays used in autophagy research is 

highly dependent on the organisms, cell types, and experimental conditions. 

4.8.2.4 Regulation of autophagy by type I IFNs 

As discussed in Section 4.8.2.1, inhibition of the autophagic pathway by siRNA targeting 

autophagy specific proteins did not affect RV-induced type I IFN production, as judged by 

the induction of the ISG CCL5. However, whether virally-induced type I IFNs could regulate 

autophagy has not been explored in this study. To understand the interplay between 

autophagy and antiviral IFNs during viral infections, this section summarised some of the 

publications which have investigated this subject area. 

Recent studies suggest a new role for the type I IFNs, IFN-α and IFN-β, in regulating 

autophagy (reviewed in Faure and Lafont, 2013, Deretic et al., 2013). As discussed in Section 

4.8.2.3, consistent with the data obtained in this thesis, Wu and colleagues showed that RV-

16 induced autophagy in the human airway epithelial cell line NCI-H292 cells (Wu et al., 

2013). Importantly, the authors also demonstrated that exogenous IFN-β and IFN-λ1 (type III 

IFN) inhibited RV-16-induced autophagy in these airway epithelial cells, although the 

mechanism of action was not explored. For future work, it would be interesting to examine 

whether similar results would be obtained when exogenous IFNs are added to our RV-

infected BEAS-2B airway epithelial cells. Another recent study by Buchser et al. also 

showed a negative regulation of autophagy by type I IFNs, with the authors demonstrating 

that IFN-α inhibited autophagy in several human cancer cell lines (Buchser et al., 2012).  

In contrast, other studies have proposed type I IFNs as positive regulators of autophagy 

(reviewed in Faure and Lafont, 2013). Very recently, Zhu and colleagues showed that 

exogenous IFN-α induced autophagic flux in primary bone marrow mononuclear cells 

(BMMCs) obtained from patients with chronic myeloid leukaemia, via a pathway involving 

STAT1 and NF-κB, whereby both transcription factors could contribute to upregulation of 

Bec1 (Zhu et al., 2013b). A similar study done by Ambjorn et al. demonstrated that IFN-β 

induced autophagic flux in several human breast cancer cell lines, believed to be through 

inhibition of mTOR and activation of STAT1 signalling (Ambjorn et al., 2013). Additionally, 
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Schmeisser and coworkers showed that exogenous IFN-α could induce autophagy in various 

human cancer cell lines including lymphoma Daudi cells, brain cancer T98G cells, cervical 

epithelial HeLa cells and lung epithelial A549 cells; and further experiments performed using 

lymphoma Daudi cells suggested that the upregulation of autophagy by IFN-α was due to 

mTOR inhibition (Schmeisser et al., 2013).  

In summary, the crosstalk between autophagy and type I IFN signalling appears to be 

complex, given that the type I IFNs can act as both positive and negative regulators of 

autophagic pathway. This complexity may relate to the important function of autophagy in 

cellular homeostasis, explaining why its activation is tightly regulated by many different 

factors and signalling systems.  

 

4.8.3 The role of PI3Ks in responses to RV infection 

As previously discussed in Section 4.8.2.1, I initially utilised 3-MA to inhibit autophagy, as it 

is commonly used in studies examining the roles of autophagy in various viral infections 

including RV (Klein and Jackson, 2011, Brabec-Zaruba et al., 2007), RSV (Morris et al., 

2011), VSV (Lee et al., 2007) and coxsackie virus (Gorbea et al., 2010, Wong et al., 2008). 

Whilst formerly thought of as a specific inhibitor of class III PI3K (and thus autophagy), 3-

MA is now known to be capable of inhibiting class I PI3K (Lin et al., 2012, Wu et al., 2010). 

The findings that 3-MA significantly reduced cytokine production in response to RV 

infection (Section 4.3.1), whilst specific knockdown of autophagy proteins by siRNAs did 

not affect RV-induced cytokine responses (Section 4.8.2.1) indicated that the inhibitory 

effects of 3-MA were not due to autophagy inhibition, but perhaps class I PI3Ks.  

 

PI3Ks are lipid kinases that phosphorylate the 3-hydroxyl group of the inositol ring of three 

species of phosphatidylinositol (PtdIns) lipid substrates; namely, PtdIns, PtdIns4phosphate 

(PtdIns4P) and PtdIns4,5bisphosphate (PtdIns(4,5)P2) (reviewed in Vanhaesebroeck et al., 

2010, Okkenhaug, 2013). The newly formed 3-phosphorylated phosphoinositides act as 

second messenger molecules, which modulate the intracellular localisation and activity of 

various effector proteins. The most essential downstream effector of PI3K is the 

serine/threonine kinase Akt. The PI3K/Akt signalling pathway regulates many crucial cellular 
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responses including cell growth, proliferation, intracellular vesicle trafficking, autophagy and 

immunity (reviewed in McNamara and Degterev, 2011, Vanhaesebroeck et al., 2010).  

 

There are eight mammalian PI3Ks which have been divided into three classes: class I, II and 

III; based upon structural characteristics and lipid substrate specificities (reviewed in 

Vanhaesebroeck et al., 2010, Okkenhaug, 2013) (See Figure 1.9). Members of the class I 

PI3K family are composed of a catalytic subunit (termed p110) and a regulatory subunit 

(p85-type, p101 or p87) (reviewed in Vanhaesebroeck et al., 2010, Okkenhaug, 2013). Class I 

PI3K isoforms are subdivided into class IA and class IB depending upon which regulatory 

subunit they employ. The class IA PI3Ks (p110α, p110β and p110δ) bind the p85 type of 

regulatory subunit, whilst the class IB PI3K (p110γ) binds one of two related regulatory 

subunits, p101 and p87 (See Figure 1.9). There are three isoforms of class II PI3Ks in 

mammals: C2α, C2β, andC2γ (See Figure 1.9). Class III PI3K has only one member, namely, 

Vps34. The protein kinase Vps15, which forms a complex with Vps34, 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) (See Section 

1.9.1 for more description of PI3K classes).  

4.8.3.1 Inhibition of class I, but not class III, PI3Ks reduces the cytokine 

response to RV infection 

It was hypothesised that the discrepancies of the results obtained using the pharmacological 

inhibitor 3-MA and siRNAs to inhibit autophagy (Section 4.8.2.1) were due to the extended 

inhibitory effect of 3-MA on class I PI3K, as recently reported by two separate studies (Lin et 

al., 2012, Wu et al., 2010). Therefore, this study aimed to further explore the potential role 

for class I PI3Ks in regulating the inflammatory responses to RV by comparing the actions of 

3-MA with those of a broad PI3K inhibitor, LY294002, a pan class I inhibitor, PI-103, and a 

panel of isoform-selective class I inhibitors. 

Whilst the general PI3K inhibitor LY294002 and the pan class I inhibitor PI-103 markedly 

suppressed CXCL8 and CCL5 generation in response to RV-1B and RV-16 infection, 

inhibition of any individual class I PI3K isoform did not, with the exception of inhibition of 

p110β or 110δ, which significantly suppressed CCL5 generation induced by RV-1B (Section 

4.6.1). Of note, all the PI3K inhibitors did not affect the cell death in untreated cells or in RV-

infected cells. The results obtained using LY294002 are consistent with published studies 
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demonstrating that inhibition of PI3K using LY294002 decreased the CXCL8 production in 

response to RV-39 (a major group of RV), in 16HBE140 cells (also a human bronchial 

epithelial cell line) (Newcomb et al., 2005), although the group subsequently reported that 

this was due to the ability of LY294002 to block the internalisation of RV into the host cells 

(Newcomb et al., 2005, Bentley et al., 2007) (The potential involvement of PI3Ks in RV 

cellular entry is discussed further in Section 4.8.3.2). The same group also demonstrated that 

pretreatment of RV-infected mice with LY294002 reduced the percentage of neutrophils in 

BALF and several cytokines including murine CXCL8 homolog KC, macrophage-

inflammatory protein (MIP)-2 and IFN-γ (Newcomb et al., 2008). The inhibitory effect of 

LY294002 on the ISG CCL5 observed in the current study is similar with a very recent 

publication which showed that LY294002 inhibited RV-16-induced CXCL10 generation in 

primary HBECs obtained from pediatric subjects (Cakebread et al., 2014). This present study 

is the first to show that PI-103 inhibited RV-cytokine productions, which is comparable with 

several previous reports showing the inhibitory effects of this PI3K inhibitor on cytokine 

generation in response to other microbial stimuli (Sly et al., 2009, Ivison et al., 2010, Wong 

et al., 2010). In their studies of human colorectal epithelial carcinoma cells, Ivison and 

colleagues reported that PI-103 inhibited CXCL8 production induced by bacterial flagellin 

(Ivison et al., 2010). Furthermore, a study done by Sly et al. showed that PI-103 suppressed 

the production of LPS-induced TNF-α in murine bone marrow-derived macrophages (Sly et 

al., 2009). Of note, similar to the effects of 3-MA, LY294002 and PI-103 inhibited CCL5 

production more potently than CXCL8 generation (discussed further in Section 4.8.3.3).  

A recently published article revealed that pharmacological inhibition of at least three class I 

PI3K isoforms is required to effectively regulate human neutrophil apoptosis (Juss et al., 

2012). In view of this finding, the effects of combinations of multiple isoform-selective class 

I PI3K inhibitors on RV-induced inflammatory responses were then examined. In agreement 

with the results obtained when the inhibitors were used individually, RV-triggered cytokine 

responses were least inhibited by p110α and p110γ combinations. Again, inhibition of any 

two class I PI3K isoforms attenuated CCL5 generation more effectively than CXCL8 

production; suggesting that PI3Ks play a more important role on the type I IFN signalling, as 

compared to the NF-κB-dependent signalling (discussed further in Section 4.8.3.3). 

Furthermore, the only combination of isoform-selective class I inhibitors which significantly 

suppressed RV-induced CXCL8 production, was that which targeted all of α, β, δ and γ 

isoforms, indicating functional redundancy amongst these isoforms; similar to the results 
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obtained in a recent publication showing their roles in the regulation of neutrophil apoptosis 

(Juss et al., 2012). Interestingly, the pan-class I PI3K inhibitor, PI-103, acted differently than 

the combination of all four isoform-selective class I inhibitors, but very similar to that of 

LY294002 and 3-MA. Studies have shown that LY294002, PI-103, and 3-MA can all inhibit 

class I and class III PI3Ks (Wu et al., 2010, Knight et al., 2006, Kong et al., 2010, Raynaud et 

al., 2007), implying that the actions of these chemical inhibitors on the  RV-induced cytokine 

responses could be mediated upon both PI3K classes. However, in this study, PI-103 was 

used at 0.5 µM, and its IC50 for class III PI3K is 2.3-4 µM (Knight et al., 2006, Raynaud et al., 

2007), indicating that PI-103 was unlikely to be affecting class III PI3K in the current 

experiments.  

 

To further examine the hypothesis that class III PI3K was not engaged in cytokine responses 

to RV, which would also provide further evidence that autophagy is not involved in responses 

to RV (Section 4.8.2); the sole class III PI3K catalytic subunit, Vps34, was knocked down by 

siRNA, and cells were treated with a cocktail of isoform-selective class I PI3K inhibitors. For 

the first time, it was shown that knockdown of Vps34 did not increase the inhibition of 

cytokine production achieved by the class I PI3K inhibitors alone. This further highlights the 

lack of a role for class III PI3K, and by extension autophagy, in regulating the innate immune 

response to RV.  

 

Although the most well-characterised and specific, isoform-selective class I PI3K inhibitors 

currently available were utilised, the present data could still be subject to unforeseen off-

target effects (reviewed in Crabbe et al., 2007). siRNAs were then used to target the β or δ 

isoforms, the class I PI3K isoforms which are believed to have crucial roles in cytokine 

induction based on the previous data generated using pharmacological inhibitors. 

Unfortunately, effective knockdown of one of the key isoforms, p110δ, could not be 

confirmed due to problems finding reliable commercially available antibodies to check 

protein knockdown in western blotting. With an assumption that p110δ was successfully 

knocked down (similar to that of p110β), simultaneous knockdown of both beta and delta 

isoforms of class I PI3K failed to inhibit cytokine production in response to RV-16 infection. 

Another member of our research group has also carried out experiments with dual siRNA-

mediated knockdown of the class I PI3K regulatory subunit proteins, p85α and p85β (See 

Section 1.9.1 for the brief overview of the class I PI3Ks and their regulatory subunits). Using 

western blotting, it was confirmed that both p85α and p85β protein levels were successfully 
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knocked down, although neither protein could be suppressed to undetectable levels (Ismail et 

al., 2014). The knockdown of both regulatory proteins had only modest effects on RV-

induced CXCL8 production, with no effects on CCL5 generation (Ismail et al., 2014). The 

discrepancies of the results obtained using PI3K small molecule inhibitors and siRNAs are 

not known, although it is possible that effective doses of small molecule inhibitors attained a 

greater relative inhibition of PI3K than incomplete protein knockdown by siRNAs (Ismail et 

al., 2014).  

 

Having found that the general PI3K inhibitors LY294002, PI-103 and 3-MA; and a cocktail 

of all four isoform-selective class I PI3K inhibitors reduced RV-induced cytokine production, 

this study aimed to explore if these observations were due to the separate effects of PI3K 

inhibition on viral replication and infection (that could also suppress cytokine generation). It 

was found that the broad, non-class I PI3K-selective inhibitors LY294002, PI-103 and 3-MA, 

suppressed viral replication; whilst the cocktail of class I PI3K isoform inhibitors did not. 

This could partly explain the significant reduction of RV-induced cytokine production, 

following treatment with the general PI3K inhibitors LY294002, PI-103 and 3-MA. The 

potential mechanism by which PI3K inhibition reduced viral replication is discussed further 

in the following section (Section 4.8.3.2).  

The serine/threonine protein kinase mTOR is one of the downstream targets of the class I 

PI3Ks, and is involved in many cellular processes including protein synthesis and cell 

proliferation (reviewed in Sarbassov et al., 2005) (See Section 1.9.2.2). mTOR also serves as 

a negative regulator of autophagic pathway (reviewed in Meijer and Codogno, 2004). 

Importantly, mTOR has been shown to play roles in IFN production following activation of 

TLR3 in keratinocytes (Zhao et al., 2010) and TLR9 in dendritic cells (Cao et al., 2008). 

Furthermore, LY294002 has recently been shown to inhibit TLR3/4-mediated IFN-β 

production via a PI3K-independent mechanism (Zhao et al., 2012). It was noted that both 

LY294002 and PI-103 can also directly inhibit mTOR at the concentrations used in this study 

(Brunn et al., 1996, Knight et al., 2006), and 3-MA can inhibit mTOR via inhibition of PI3K 

function (Wu et al., 2010). Thus it was hypothesised that the inhibitory effects of LY294002, 

PI-103 and 3-MA on cytokine responses might be partly due to mTOR inhibition. 

Preliminary data showed that rapamycin, a widely known mTOR pharmacological inhibitor, 

suppressed CCL5 production, and to a less extent CXCL8 generation, induced by RV and 
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poly(I:C). The potential role for mTOR in mediating the cytokine response to RV infection is 

discussed further in Section 4.8.4.  

4.8.3.2 The involvement of PI3Ks in RV cellular entry 

Having determined that the broad PI3K inhibitors LY294002, PI-103 and 3-MA; and a 

cocktail of all four isoform-selective class I PI3K inhibitors suppressed RV-induced cytokine 

production (Section 4.8.3.2), this study aimed to determine if these observations were due to 

the separate effects of PI3K inhibition on viral replication and infection (that could also 

reduce cytokine production). It was found that the general, non-class I PI3K-selective 

inhibitors, LY294002, PI-103 and 3-MA, inhibited viral replication; whilst the cocktail of 

class I PI3K isoform inhibitors did not. The results obtained using LY294002 are consistent 

with the previous studies specifically investigating the involvement of PI3Ks in the RV-

induced CXCL8 production (Newcomb et al., 2005, Bentley et al., 2007). Newcomb and 

colleagues showed that inhibition of PI3K using LY294002 blocked the internalisation of 

fluorescent-labeled RV-39 into the human bronchial epithelial 16HBE140 cells, which partly 

explains the concomitant reduction of RV-39-induced CXCL8 expression, following 

treatment with LY294002 (Newcomb et al., 2005). Further work performed by the same 

group showed the requirement for the tyrosine kinase Src/p110β PI3K/Akt-dependent 

pathway in RV internalisation to 16HBE140 cells (Bentley et al., 2007). In view of these 

previous publications (Newcomb et al., 2005, Bentley et al., 2007), further experiments 

should be carried out to confirm if LY294002, PI-103 and 3-MA could indeed block RV 

internalisation into our BEAS-2B airway epithelial cells.  

To try to examine the roles of PI3K in TLR3 signalling, without being perplexed by a 

separate reduction of viral replication, the effects of LY294002, PI-103 and 3-MA on 

cytokine production induced by the synthetic agonist poly(I:C) were also investigated. It was 

found that these PI3K inhibitors also inhibited cytokine responses to poly(I:C), with 

LY294002 attaining complete inhibition of cytokine generation. These data are consistent 

with the work done by Sun et al. showing that LY294002 potently inhibited poly(I:C)-

induced production of IL-6 and IFN-β in murine BMDCs. However, a very recent study 

demonstrated that wortmannin, which is also a general PI3K inhibitor, could inhibit the 

uptake of fluorescent-labelled poly(I:C) into the endosome (where TLR3 is located) in 

murine peritoneal macrophages (Zhou et al., 2013). Again, further work should be performed 

using fluorescent-tagged poly(I:C) to investigate if PI3K inhibition could affect the uptake of 
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poly(I:C) into our BEAS-2B airway epithelial cells. Furthermore, in this thesis it was found 

that 3-MA treatment did not affect the cytokine production induced by IL-1β, TNF-α, IL-6 

and IFN-β, all of which do not require TLR3 activation to signal (reviewed in Dinarello, 

2009, Wajant et al., 2003, Heinrich et al., 2003, Takaoka and Yanai, 2006). These data 

suggest that PI3K inhibition reduced the poly(I:C)-induced cytokine production potentially 

by suppressing the uptake of poly(I:C) to endosome where TLR3 resides, although it remains 

possible that the PI3K inhibition can exhibit its action at any other point in TLR3 signalling 

pathway. 

Taken together, the results discussed in this section in conjunction with previous studies 

(Newcomb et al., 2005, Bentley et al., 2007) indicate that inhibition of PI3Ks may also block 

internalisation of RV; implying that the requirement of PI3Ks for RV-induced cytokine 

production (Section 4.8.3.1), at least in part, could be due to its role in RV cellular entry. 

4.8.3.3 The regulation of type I IFN signalling by PI3Ks 

Despite the potential explanation that the PI3K inhibitors 3-MA, LY294002 and PI-103 

suppressed RV- or poly(I:C)-induced cytokine production, in part, by blocking the 

internalisation of RV or the uptake of poly(I:C) to endosome (Section 4.8.3.2), these PI3K 

inhibitors attenuated CCL5 production more potently than CXCL8 generation. Furthermore, a 

cocktail of isoform-selective class I PI3K inhibitors also inhibited CCL5 generation more 

effectively than CXCL8 production. These current data could be partly explained by the 

results obtained by Guiducci and colleagues which showed that inhibition of PI3K by 

LY294002 selectively blocked the nuclear translocation of IRF-7, but not NF-κB, in CpG 

DNA-stimulated human plasmacytoid DCs (Guiducci et al., 2008).  

PI3Ks have been shown to regulate the induction of type I IFN-mediated ISGs (reviewed in 

Joshi et al., 2010, Bonjardim et al., 2009). This study aimed to investigate if the inhibitory 

actions of 3-MA on the ISG CCL5 production is due to its effects on TLR3 signalling, or 

through additional inhibition of the resulting autocrine IFN signalling mediated by IFNAR 

(Section 1.7.2). Thus, whether exogenous IFN could rescue poly(I:C)-induced cytokine 

production, in the presence of 3-MA, was determined. This is the first study to show that 

IFN-β treatment rescued the generation of CXCL8 induced by poly(I:C) that had been 

impaired by 3-MA, and partially rescued the inhibitory actions of 3-MA on the production of 
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CCL5. These data suggest that the effects of 3-MA may be mediated through targeting of 

TLR3-mediated IFN production, but not the resulting autocrine IFN signalling.  

Previous studies have demonstrated positive roles for PI3Ks in the production of type I IFNs 

or ISGs (reviewed in Joshi et al., 2010, Bonjardim et al., 2009). Using human embryonic 

kidney 293 (HEK293) cells, Sarkar and colleagues showed that poly(I:C)-induced 

phosphorylation and activation of IRF3 was inhibited by LY294002 (Sarkar et al., 2004). 

Similarly, a study done by Kaur et al. observed lower transcription levels of IRF7, ISG15 and 

CXCL10 genes in double p85α/p85β knockout mouse embryonic fibroblasts (MEFs), in 

response to IFN-α treatment (Kaur et al., 2008b). Moreover, Zheng and co-workers showed 

that LY294002 or wortmannin inhibited IFN-β production induced by LPS or poly(I:C), in 

murine peritoneal macrophages (Zheng et al., 2010). A similar study performed by Peltier et 

al. also reported that poly(I:C)-induced IFN-β mRNA levels were reduced by LY294002 in a 

neuronal cell line (Peltier et al., 2010). Furthermore, Guiducci and colleagues demonstrated 

that LY294002 inhibited the transcription of IFN-α induced by CpG DNA in human 

plasmacytoid DCs (Guiducci et al., 2008). More recently, LY294002 has also been shown to 

inhibit the production of IFN-α induced by myxoma virus in human plasmacytoid DCs (Cao 

et al., 2012).  

Collectively, the data discussed in this section in conjunction with previous studies described 

above suggest that PI3Ks play important roles in the regulation of type I IFN-mediated ISG 

induction, following TLR3 activation. 

 

4.8.4 A potential role for mTOR in regulating the cytokine response to RV 

infection 

The serine/threonine protein kinase mTOR is one of the downstream targets of the class I 

PI3Ks, and is involved in many cellular processes including protein synthesis and cell 

proliferation (reviewed in Sarbassov et al., 2005) (See Section 1.9.2.2). LY294002 has 

recently been demonstrated to inhibit TLR3/4-mediated IFN-β production via a PI3K-

independent mechanism (Zhao et al., 2012). As briefly discussed in Section 4.8.3.1, it was 

noted that both LY294002 and PI-103 can also directly inhibit mTOR at the concentrations 

used in this current study (Brunn et al., 1996, Knight et al., 2006), and 3-MA can inhibit 

mTOR via inhibition of PI3K function (Wu et al., 2010). Thus it was hypothesised that the 
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inhibitory actions of LY294002, PI-103 and 3-MA on cytokine responses could be partly 

mediated by mTOR inhibition. Indeed, recent data obtained by another member of our group 

revealed that the PI3K inhibitors LY294002 and PI-103 could inhibit phosphorylation of the 

mTOR target p70S6K (Ismail et al., 2014). This thesis is the first to demonstrate that 

rapamycin, a widely used mTOR pharmacological inhibitor, suppressed cytokine production 

induced by RV and poly(I:C) in airway epithelial cells.  

Several studies have shown the involvement of mTOR in mediating cytokine induction 

(reviewed in Powell et al., 2012, Weichhart and Saemann, 2009). Cao and colleagues 

demonstrated that rapamycin inhibited CpG DNA-induced IFN-α and IFN-β secretion by 

human plasmacytoid DCs (Cao et al., 2008). They also reported that in vivo administration of 

rapamycin suppressed IFN-α and IFN-β production by mouse plasmacytoid DCs, in response 

to CpG DNA or yellow fever virus infection. Further work performed by the authors revealed 

that inhibition of mTOR by rapamycin blocked the interaction of TLR9 with the adaptor 

molecule MyD88, which in turn inhibited the phosphorylation and nuclear translocation of 

IRF-7 (Cao et al., 2008). Similarly, in their studies of human oral keratinocytes, Zhao et al. 

showed that poly(I:C)-induced production of IL-1β, TNF-α and IFN-β was inhibited by 

rapamycin, which was thought to be due to the ability of rapamycin to regulate the activation 

of NF-κB and IRF-3 (Zhao et al., 2012). Furthermore, a very recent study also demonstrated 

that AZD8055, a newly characterised mTOR inhibitor, suppressed LPS-induced generation of 

CXCL8, IL-6, IL-1β and TNF-α in human THP-1 derived macrophages (Xie et al., 2014).  

Taken together, the data suggest that the inhibitory effects of the PI3K inhibitors used in this 

study may be due to mTOR inhibition. The results obtained using the mTOR inhibitor 

rapamycin suggest a potential role for mTOR in the inflammatory responses to RV infection, 

although validation of these data using a more specific technique (i.e. siRNA) is necessary. 

Furthermore, it has not been determined whether rapamycin could inhibit viral internalisation 

(which may also result in reduced cytokine production) which requires further investigation. 

However, since mTOR also serves as a negative regulator of autophagic pathway (reviewed 

in Meijer and Codogno, 2004) (See Section 1.9.2.2 for the role of mTOR signalling in 

autophagy modulation), the preliminary data obtained using rapamycin provides further 

evidence that autophagy is not required for the cytokine response to RV infection.  
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4.8.5 Limitations and future work 

4.8.5.1 Methods for measuring autophagy induction  

As discussed in Section 4.8.2.3, methods for assessing autophagy are not straight-forward. In 

this study, several assays were tested in an attempt to find a good approach to monitor 

autophagic activity including LC3-II western blotting, GFP-LC3 fluorescence microscopy 

and endogenous LC3-II immunohistochemistry (Section 4.8.2.3). However, only endogenous 

LC3-II immunohistochemistry staining revealed a markedly increased autophagic activity in 

cells exposed to known autophagy inducers (Section 4.8.2.3). Due to time constraints, the 

ability of RV infection to induce autophagy in airway epithelial cells remains to be 

determined using this technique. 

Recently, Klionsky et al. have published an extensive review article discussing various other 

methods that can be used to monitor autophagy (Klionsky et al., 2012), which could be used 

to further explore the role of autophagy in responses to RV infection. One of the most 

informative methods for measuring autophagy is using transmission electron microscopy 

(TEM), as this technique can be used for qualitative and quantitative analysis of changes in 

various autophagic structures that are normally very small in size (reviewed in Klionsky et 

al., 2012). Another method that can be used to monitor autophagy is using the fluorescence-

activated cell sorter (FACS), however this flow cytometry technique is particularly useful for 

cells that grow in suspension, and using this method it is feasible to capture images of up to 

1000 cells per second (reviewed in Klionsky et al., 2012).  

As pointed out by Klionsky et al., autophagy is a highly dynamic process and there is no 

individual assay that is guaranteed to be applicable in every biological and experimental 

context (reviewed in Klionsky et al., 2012). Therefore, it is strongly recommended that 

multiple assays are used to monitor autophagy to confirm the validity of the data obtained.  

4.8.5.2 Validation of results using primary airway epithelial cells 

The data presented in this chapter exploring the roles of autophagy and PI3Ks in the 

responses to RV infection were obtained using BEAS-2B epithelial cell line, and due to time 

constraints, repetition of several key experiments using primary airway epithelial cells could 

not be performed. Given that autophagy research is highly dependent on the cell types and 

experimental conditions (reviewed in Klionsky et al., 2012), it is particularly important to 
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validate the results obtained with regards to the role of autophagy in RV-induced responses 

using primary cells, and thus this work is currently being carried out by another member of 

our research group.  

 

4.8.6 Conclusions  

Determining the possible roles of autophagy and PI3K in the control of RV infection is 

crucial to direct anti-inflammatory strategies in RV-induced exacerbations of airway diseases. 

My hypothesis that autophagosomes are required to deliver replication intermediates of RV 

RNA to TLR3 in endosomes appears incorrect. The results presented in this chapter reveal 

for the first time that autophagy plays a limited role in the responses to RV infection in 

airway epithelial cells. Specifically, siRNA-mediated knockdown of the autophagy protein 

Bec-1, Atg7 or LC3 had only modest effects on CXCL8 production, with no effect on CCL5 

generation. This study also shows the roles for, and redundancy amongst, class I PI3Ks in 

controlling the inflammatory responses to RV infection. However, this conclusion was drawn 

based on the results obtained using pharmacological inhibitors, thus further work using a 

more specific approach (e.g. siRNA) is required to confirm this finding. Meanwhile, targeting 

the class III PI3K Vps34 by siRNA did not affect RV-induced cytokine production, implying 

the lack of a role for class III PI3K, and by extension autophagy, in the regulation of innate 

immune response to RV. Furthermore, the data in this chapter also suggest a role for mTOR 

in the regulation of RV-induced inflammation. The signalling molecules determined in this 

chapter to be involved in the RV-induced cytokine responses are summarised in Figure 4.31.  
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Figure 4. 31 A schematic diagram summarising the signalling molecules 

determined in this chapter (using pharmacological inhibitors and siRNAs) to be 

involved in the inflammatory responses to RV infection.  

Pharmacological inhibitors LY294002, PI-103, 3-MA, a cocktail of isoform-selective 

class I PI3K inhibitors, and rapamycin can all inhibit cytokine production in response to 

RV infection, suggesting the important roles for class I PI3Ks and mTOR in the 

inflammatory responses to RV infection. Meanwhile, siRNA-mediated knockdown of the 

sole class III PI3K Vps34 does not affect RV-induced cytokine generation, implying the 

lack of a role for class III PI3K in mediating the inflammatory responses to RV (marked 

by the red cross in the diagram). However, whether class II PI3K is involved in the 

regulation of RV-induced responses remains to be determined. Additionally, siRNA-

mediated knockdown of the autophagy protein Bec-1, Atg7 or LC3 has only modest 

effect on CXCL8 production, with no effect on CCL5, suggesting that autophagy plays a 

little if any role in the RV-induced responses. The fact that mTOR is a negative regulator 

of autophagy, and that the mTOR inhibitor rapamycin inhibited cytokine generation, 

provides further evidence that autophagy is not important in the inflammatory responses 

to RV infection. The initial hypothesis that autophagy may be required for the 

presentation of RV dsRNA replication intermediate from the cytoplasm to the endosomal 

TLR3 (which may therefore affect TLR-mediated cytokine production) appears 

incorrect, and thus how cytosolic RV dsRNA gains access to the endosome remains to be 

elucidated. 
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Chapter 5: General discussion and conclusions 

 

Whilst discussion of individual experimental results has been provided within the relevant 

results chapters (Chapters 3 and 4), this chapter will highlight the key findings of this thesis 

and their implications. 

5.1    How does this thesis add to our current knowledge of the regulation of   

inflammatory responses of airway epithelial cells and fibroblasts to RV 

infection? 

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. 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). However, limited studies have 

shown the potential role of fibroblasts in mediating RV-induced inflammation in COPD. The 

primary objective of this thesis was to increase our understanding of the signalling pathways 

involved in the inflammatory responses of structural airway cells to RV infection, which may 

provide potential novel targets for the treatment of virally-induced exacerbations of airway 

diseases such as asthma and COPD. The first aim of this thesis was to examine the 

inflammatory responses of human airway fibroblasts to RV infection, and to compare those 

responses with those of airway epithelial cells (Chapter 3); and the second aim of this thesis 

was to investigate whether autophagy is involved in the TLR3-mediated detection of RV 

infection, and therefore regulates the RV-induced responses of airway epithelial cells.  

This is the first study to directly compare the responses of lung fibroblasts to RV infection 

with those of lung epithelial cells. As discussed in detail in Chapter 3, this thesis is the first to 

demonstrate that: 

 RV infection induced differential responses by airway epithelial cells and fibroblasts. 

Importantly, it was found that RV caused much higher cell death in airway fibroblasts 

compared to epithelial cells, and this is thought to be due to the greater 

permissiveness of fibroblasts to viral replication compared to epithelial cells.  
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 The lack of antiviral responses of lung fibroblasts to RV infection. In comparison to 

airway epithelial cells, the lack of viral-detecting PRRs TLR3, RIG-I, 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 antiviral 

cytokines CCL5 and CXCL10. 

 The permissiveness of lung fibroblasts isolated from IPF patients to RV infection. It 

was revealed that cells of rapid IPF progressors released higher proinflammatory 

cytokine CXCL8 compared to that of slow IPF progressors. 

 Exogenous IL-1β could synergistically augment the RV-induced CXCL8 production 

in airway epithelial cells, but not in lung fibroblasts. 

 RV-1B and bacterial-derived LPS could synergistically accentuate CXCL8 production 

in BEAS-2B cells, with this synergistic effect is thought to be due to IL-1β generation 

by LPS-activated monocytes. 

 

This study is also the first to explore whether autophagy is involved in the cytokine responses 

to RV infection. As discussed in detail in Chapter 4, this thesis is the first to show that: 

 Autophagy is not important in the control of inflammatory responses to RV or control 

of RV replication in the airway epithelial cells.  

 The roles for, and redundancy amongst, class I PI3Ks in regulating the inflammatory 

responses to RV infection, which at least in part, could be due to its role in RV 

cellular entry. 

 The lack of a role for class III PI3K, and by extension autophagy, in regulating the 

innate immune response to RV. 

 Rapamycin, a widely used mTOR pharmacological inhibitor, suppressed cytokine 

production induced by RV and poly(I:C) in airway epithelial cells. 

 

5.2    What implications does this have for airway diseases? 

The results presented in Chapter 3 showed that in comparison to airway epithelial cells, lung 

fibroblasts allow higher viral replication to take place. Importantly, it was found that RV-

infected airway fibroblasts could secret proinflammatory cytokines such as CXCL8 and IL-6, 
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but were not able to produce antiviral cytokines such as IFNs. The fact that fibroblasts 

numbers are increased in COPD (reviewed in Araya and Nishimura, 2010) implies that more 

RV replication can take place, hence worsening the inflammation in this airway disease. 

Furthermore, it has been shown that in asthmatic airways, the bronchial epithelium is 

damaged (Puddicombe et al., 2000). This may give greater probability for RV to infect the 

adjacent fibroblasts, which in turn may elevate the inflammation during asthma exacerbation. 

This study also revealed that cells of rapid IPF progressors released higher proinflammatory 

cytokine CXCL8 compared to that of slow IPF progressors, implicating a possible role for 

RV infection in triggering IPF exacerbations.  

The results in Chapter 4 demonstrated that pharmacological inhibition of PI3Ks suppressed 

RV-induced cytokine production in airway epithelial cells, which in part could be through 

inhibition of RV cellular entry. Thus PI3K seemed to be a potential therapeutic intervention 

for the treatment of RV-induced exacerbations of airway diseases such as asthma and COPD.  

 

5.3    Future studies 

Whilst future studies have been discussed within the relevant results chapters of this thesis, 

this section will only highlight several important areas that require further investigation. 

As discussed in Chapter 4, using known PI3K pharmacological inhibitors this study showed 

that PI3Ks are involved in the cytokine response of airway epithelial cells to RV infection. 

However, this finding needs to be confirmed using a more specific technique such as siRNA 

or knockout cells. Additionally, further work should be done investigating if the 

pharmacological inhibitors used in this study could indeed block RV internalisation into our 

BEAS-2B airway epithelial cells.  

The data presented in Chapter 4 has also demonstrated the potential role of mTOR in 

regulating RV-induced cytokine production, as evidenced by the use of the mTOR inhibitor 

rapamycin. Again, validation of these data using a more specific technique such as siRNA or 

knockout cells is required. Furthermore, whether mTOR inhibition could inhibit viral 

internalisation (which may also result in reduced cytokine production) demands further 

investigation.  
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The results presented in Chapter 4 were obtained using BEAS-2B airway epithelial cell line, 

and due to time constraints, repetition of several key experiments using primary airway 

epithelial cells could not be performed. Given that autophagy research is highly dependent on 

the cell types and experimental conditions (reviewed in Klionsky et al., 2012), it is 

particularly important to validate the results obtained with regards to the role of autophagy in 

RV-induced responses using primary cells.  

 

5.4    Conclusions 

Understanding the complex innate immune responses of structural airway cells to RV 

infection is crucial for the better treatment of RV-induced exacerbations of airway diseases 

such as asthma and COPD. The data obtained in this study suggest a role for airway 

fibroblasts in mediating virally-induced inflammation. This study also reveals for the first 

time the ability of IL-1β to enhance proinflammatory responses of RV-1B-infected epithelial 

cells. Furthermore, the work presented in this thesis demonstrate that in the presence of 

monocytes, RV and bacterial-derived LPS coinfections can act in synergy to amplify the 

proinflammatory responses of airway tissue cells. Importantly, this study is the first to show 

that autophagy plays a limited role in the responses to RV infection in airway epithelial cells. 

Furthermore, this study shows the roles for, and redundancy amongst, class I PI3Ks in 

controlling the inflammatory responses to RV infection. Meanwhile, class III PI3K was not 

involved in RV-induced responses. Furthermore, data from this thesis also suggest a role for 

mTOR in the regulation of RV-induced inflammation. A better understanding of the 

mechanisms underlying PI3K- or mTOR-mediated inflammatory responses may provide 

potentially novel therapeutic targets to treat RV-induced exacerbations of asthma and COPD. 
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