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Abstract

Introduction, Aims and Hypothesis: Viral infections are the cause of 75% of all asthma
exacerbations, with human rhinovirus (RV) the most common trigger, but what happens during
this process is not well understood. Tenascin-C (TN-C) is a large extracellular matrix protein that
is present in small quantities in the airway of healthy individuals, but in high quantities in asthma
sufferers. TN-C has been demonstrated to drive inflammation in diseases such as rheumatoid
arthritis, but the inflammatory potential of TN-C in asthma has yet to be investigated. Furthermore,
a subset of extracellular vesicles (EVs), known as exosomes, that are 50-120 nm in size, can
contain TN-C and play role in airway inflammation. This study aimed to characterise the
relationship between RV infection of airway epithelial cells (AECs) and TN-C expression and
exosome release. It was hypothesised that RV infection of AECs promoted the release of TN-C
and exosomes, leading to increased inflammatory cytokine and chemokine release in the airway

and potentially contributing towards virally-induced exacerbations of asthma.

Methods: WT mice were treated with the viral mimic poly(l:C) and bronchoalveolar lavage fluid
analysed for TN-C by western blotting. AECs from asthmatic and non-asthmatic donors were also
stimulated with poly(l:C) or infected with RV and assayed for TN-C expression and release by
gPCR and western blotting. Exosomes were then isolated by differential ultracentrifugation and
analysed for TN-C expression by western blot. Finally, recombinant purified TN-C, and exosomes
isolated with and without TN-C siRNA pre-treatment, were used to stimulate AECs and monocyte
derived macrophages (MDMs). Cytokine and chemokine release was then measured by enzyme-

linked immunosorbent assay (ELISA).

Results: It was determined that TN-C mRNA expression and cell-associated TN-C expression
could be modulated in response to RV infection, ultimately leading to the significant release of
TN-C from the cell. This pathway was demonstrated to be TLR3-dependent and independent of
TLR7 and cell cytotoxicity. TN-C release following RV infection was more pronounced in
asthmatics, potentially revealing why TN-C is expressed in higher quantities in the asthmatic
airway. The study also revealed that viral TLR3-dependent stimulation induced significant
exosomal release and TN-C was associated with these exosomes, with expression correlating
with exosome number. RV-dependent TN-C release induced large inflammatory CXCL8 release
from MDMs and moderate CXCL8 release from AECs. Also of note, exosomes from RV-infected
AECs promoted significant inflammatory and anti-viral cytokine / chemokine release from AECs,
whilst exosomes from non-virally cells did not, and both types of exosomes induced cytokine
release from MDMs. The role of TN-C in RV-induced exosomal inflammation, however, is yet to

be elucidated.

Conclusion: The results in this study reveal a pathway by which RV infection promotes the
release of TN-C and exosomes that have the ability to induce inflammatory cytokine release in the
airway. Further investigation is required to determine if TN-C or exosomes are viable therapeutic

targets to modulate RV-induced asthma exacerbations in the future.
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Chapter 1: Introduction

1.1. Asthma

1.1.1. Asthma Epidemiology

In the UK, it is estimated that 18.3% of the population (approximately 11 million people) suffer
from asthma (To et al. 2012). The latest Global Asthma Report in 2014 estimated that the
worldwide prevalence of asthma was in the region of 334 million people (Becker and Abrams
2017). The age of the individual does not affect the incidence of asthma, with 1 in 11 children,
and 1 in 12 adults suffering from asthma in the UK (Bloom et al. 2018). Prevalence of the
disease, however, does differ depending on the gender of the individual; for example, boys
have a higher risk pre-puberty, but girls have a higher incidence following adolescence.
Furthermore, a study showed that females were 20% more likely to have asthmatic symptoms
compared to males in those over 35 years of age (Leynaert et al. 2012). Whilst asthma was
initially a disease associated with developed countries, prevalence in English speaking
countries is slowly decreasing over time (-0.51% decrease in prevalence in 13-14 year olds over
a 12 month period), with substantial increases in countries in Latin America (+0.32%), Eastern
Europe (+0.26%), Africa (+0.16%) and the Indian subcontinent (+0.06%; Pearce et al. 2007). At
least 22 million disability-adjusted life years (DALY; number of years lost to ill health or
disability) are lost to asthma annually (Becker and Abrams 2017), and the most recent studies
estimate that the economic burden is approximately $56 billion in the US (Barnett and
Nurmagambetov 2011), €19.3 billion in Europe (Accordini et al. 2013) and £1.1 billion in the UK
(Mukherjee et al. 2016). The global incidence of the disease is expected to increase to 400
million by 2025 (To et al. 2012); indicating that asthma is a prevalent, widespread and growing

problem that needs to be addressed.

1.1.2. Asthma Pathophysiology

1.1.2.1. Characterisation and Phenotypes

Asthma is a chronic inflammatory disease characterised by wheezing, reversible airflow
obstruction and chest tightness. The disease is driven by airway inflammation and airway
remodelling, resulting in airway hyperresponsiveness (AHR). AHR is the greater susceptibility to
the closing of the airway due to heightened sensitivity to inhaled constrictor agonists, with the
severity of AHR correlating with the severity of asthma (O'Byrne and Inman 2003). There are a
number of different phenotypes of asthma, however they are yet to be fully defined (Wenzel
2012). The underlying pathogenesis of asthma is a prolonged, chronic inflammation of the
airway, and atopic asthma can be identified as being due to an eosinophil dominated and
skewed T-helper type 2 (Th2) immune response towards usually non-harmful airborne agents
(Murdoch and Lloyd 2010). Atopic asthmatic symptoms are induced by a common respiratory

allergen and the genetic predisposition to mount an inappropriate antibody immunoglobulin (Ig)
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type E response (Pillai, Corrigan and Ying 2011). Non-atopic asthma also has a Th2 skewed
response, may also involve IgE production (although less pronounced than the atopic form), has
less goblet cell hyperplasia, less reticular basement membrane (RBM) thickening and more
eosinophil infiltration (Pillai et al. 2011). Despite this, the defining cause of this form of the
disease is not fully understood (Murdoch and Lloyd 2010). It is also clear that non-Th2 forms of
asthma are present, which are associated with late-onset asthma and neutrophilic asthma
(Wenzel 2012). There is currently no cure for asthma, with the standard therapeutics aiming to
reduce inflammation, control symptoms in order to prevent asthma exacerbations from occurring
and improving quality of life. The most common forms of treatment are (,-agonists (usually
administered in the form of reliever inhalers) and glucocorticoids (usually administered in the
form of preventer inhalers, in tablet form, or as an injection). B,-agonists are short-acting and
bind to the B,.adrenergic receptor, causing relaxation of the airway smooth muscle and opening
of the airway (Subbarao and Ratjen 2006), whereas corticosteroids are used to suppress Th2
cytokines and dampen inflammation in the airway over a longer period of time (Dunican and
Fahy 2017). Furthermore, it is estimated that around 5-10% of asthmatics in Europe (with
unknown percentages around the rest of the world) have severe asthma (Sears 2014). Severe
asthma is defined as — ‘when adequate control of asthma cannot be achieved by high-dose
treatment with inhaled corticosteroids and additional controllers, or by oral corticoid treatment,
or is lost when treatment is reduced’ (Lommatzsch 2016). The large percentage of serve
asthma suffers makes it clear that alternative therapeutics are needed to help treat the

pathogenesis of the disease.

1.1.2.2. Cytokines and Chemokines

Raised inflammatory cytokine and chemokine expression in the airway of asthmatics contributes
to the pathogenesis of asthma in a large number of ways. One of the main cytokines implicated
in asthma is transforming growth factor beta (TGF-$; Duvernelle et al., 2003). The TGF- family
comprises of TGF-B1, TGF-B2 and TGF-B3 which have an amino acid similarity of around 80%
and induce similar responses. Eosinophilic infiltration in the airway is a presenting factor in
asthma, and this cell type releases large amounts of TGF- following activation (Duvernelle et
al., 2003). TGF-B1 is the main type of TGF-$ associated with asthma, with expression present
in higher quantities in the bronchoalveolar lavage fluid (BALF), lung biopsies and lung
fibroblasts, and expression correlates with disease severity (Redington et al., 1997). Prior to
activation, TGF-p is produced and secreted as latent TGF-B, through either association with
latency associated protein or latent TGF-f binding protein interactions (Saharinen et al., 1999).
Following activation, these proteins are sequestered from TGF-3, allowing the cytokine to
become active, leading to the activation of mothers against decapentaplegic homolog (SMAD)3
and 4 receptors (Saharinen et al., 1999). The activation of these pathways induces a number of
transcription factors, including c-Jun, CREB and NF-kB (see Figures 1.2. and 1.5. for more
information). TGF-B activation drives airway remodelling (section 1.2.2.3) by promoting the
deposition of extracellular matrix (ECM) proteins, inducing smooth muscle proliferation,

promoting angiogenesis and playing an important role in fibrosis (Duvernelle et al., 2003).
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Furthermore it can promotes apoptosis of healthy lung epithelial cells and increases ICAM-1
expression, which is important in viral infection, and ultimately asthma exacerbations (see
Figure 1.2.), TGF-B also is a chemotactic agent for eosinophils, macrophages, neutrophils and
mast cells, meaning once activated in the asthmatic airway, large recruitment of immune cells

occurs, contributing further to the enhanced inflammatory environment (Duvernelle et al., 2003).

TNFa is a cytokine that is produced before activation as a membrane bound pre-cursor protein,
which is then cleaved by TNFa converting enzyme prior to activation and this cytokine is
produced by a number of cells, with macrophages the most prominent (Vanoverveld et al. 1991,
Lukacs et al. 1995, Thomas and Heywood 2002, Berry et al. 2007). Upon activation TNFa
exerts its effects via TNFaR1 and TNFaR2, leading to NF-kB phosphorylation and activation
(See Figure 1.2.). TNFa can lead to the transcription of CXCL8 and IL-6, can form a feedback
loop that induces more TNFa expression, and contribute towards asthma pathogenesis in a
number of ways. The cytokine is increased in the airways of asthmatics, and has been
demonstrated to correlate with, and contribute towards AHR. This is due to TNFa inducing
histamine release from mast cells, recruiting neutrophils, T-cells and eosinophils to the airway,
induces contraction of airway smooth muscle, promotes glucocorticoid resistance and
upregulates ICAM-1 (Berry et al. 2007). Anti-TNFa therapy has been somewhat effective in
treating AHR, but this seems to be limited to a relatively small proportion of asthmatic patients,
and has safety issues such as increased risk of pneumonia and cancer (Berry et al. 2007).

CXCL8 is a chemokine that is produced in response to NF-kB signalling and is implicit in the
increased inflammatory environment present in the airway of asthmatics (John et al., 2009).
CXCL8 can be produced from a number of cells present in the airway, such as airway smooth
muscle cells, airway epithelial cells, macrophages and neutrophils. It is present in higher
quantities in the BALF of asthmatic patients, and following activation of the chemokine, CXCL8

is a potent recruiter of neutrophils and mast cells to the lung. (John et al., 2009)

A large number of other cytokines and chemokines play a role in asthma pathogenesis, are
described in vast detail in Kips, 2001 and are briefly summarised below. Interleukin (IL)-4, IL-5
and IL-13 are present in higher quantities in the airways of asthmatics, recruiting a number of
different inflammatory cells such as eosinophils, mast cells, neutrophils, basophils and
macrophages (Corry et al. 1998, Hamid et al. 2003). Upon recognition of an allergen, IL-4 and
IL-13, in the presence of T-cells, induce B cell antigen-specific-lgE production, which then
activates the high-affinity receptor (FceR1) on mast cells and basophils (Gauchat et al. 1993,
Galli and Tsai 2012). Crosslinking of FceR1 upon re-exposure to the allergen induces a
hypersensitivity response in basophils and mast cells. This includes the initial release of
histamine, serotonin, prostaglandins (PG) and leukotrienes (LT) and the secretion of
cytokines, chemokines and growth factors over a longer period of time (Galli and Tsai 2012).
PGs, such as PGD, can induce mucus hypersecretion and also bind to the thromboxane
receptor (TP) on airway smooth muscle to induce bronchoconstriction (Johnston et al. 1995a).
There is also contrasting evidence on whether PGD, causes bronchoconstriction through the

PG receptor, as it has previously been shown to cause bronchodilation (Johnston et al. 1995a,



Hall 2000, Hata and Breyer 2004). LTs such as cysteinyl LTs (cysLTs) can induce
bronchoconstriction and mucus secretion, but also recruit eosinophils to the airway through
binding to the cysLT1 receptor and subsequent generation of IL-5 (Saito et al. 2004). Histamine
elicits its effects through binding to the histamine H; and H, receptors, inducing bronchospasm,
mucus hypersecretion and vasodilation, as well as inducing cytokine release from macrophages
and T-cells (White 1990, Yamashita et al. 1991). Eosinophilia in the lungs is a hallmark of atopic
asthma. IL-5 is required for eosinophil production and they secrete inflammatory cytokines
(such as IL-5 and IL-13), chemokines, granule mediators and LTs, and can act as antigen
presentation cells (Corry et al. 1998). Mast cells produce histamine, PGD, and inflammatory
cytokines such as IL-3, IL-4, IL-5, IL-6 and tumour necrosis factor a (TNFa), whilst basophils
release histamine, IL-13 and IL-4 (Hamid et al. 2003). In addition, macrophages are antigen
presenting cells and release IL-1, TNFa, IL-6, granulocyte-macrophage colony-stimulating factor
(GM-CSF) and LTs (Hamid et al. 2003). Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) signalling is also increased in asthma patients (due to higher p65 protein
expression) and a quicker p65 translocation to the nucleus is observed in mice that have
induced asthma-like symptoms, leading to transcription of inflammatory cytokines such as TNFa
(Poynter et al. 2002, Gagliardo et al. 2003, Edwards et al. 2009).

1.1.2.3. Remodelling

Airway remodelling in asthma involves a number of different processes that change the overall
structure of the airway, including: fibrosis of the RBM, increased thickness of airway smooth
muscle, goblet cell hyperplasia and bronchial vascularisation (Al-Muhsen et al. 2013). Airway
smooth muscle cells surround the lumen of the bronchi, and control the opening and closing of
the airway through bronchoconstriction and bronchodilation. They are plentiful cell in the upper
airway (approximately a quarter of all cells are ASM) and decrease throughout the lower airway
(around 5%; Doeing and Solway, 2013). The increase in airway smooth muscle (both in number
of cells and thickness) compounds the narrowing of the airway, reducing peak expiratory flow
and thus contributing to the breathing difficulties seen in asthma (Bergeron, Tulic and Hamid
2010). Eosinophils are purported to play a role in airway smooth muscle cell proliferation and
thickness through the release of TNFa and IL-18 (Halwani et al. 2013, Khan 2013). This
eosinophil-derived TNFa and IL-1B release cause contraction of airway smooth muscle by
inducing the expression of Gagq and Gai proteins, which induce cyclic adenosine
monophosphate (cAMP) production in response to increased G protein-coupled receptor
(GPCR) activation (Khan 2013). In asthmatics, airway smooth muscle cell relaxation is also
impaired, due to gained tolerance to B-agonist treatment, obstructing airway flow even further
(Doeing and Solway, 2013).This tolerance can also be potentiated by IL-1 and IL-13, which are
increased in asthma. Airway smooth muscle cells are not only impacted by the heightened
inflammatory response in the asthmatic airway, they also contribute towards it, by the release of
IL-5, IL-13, eotaxin and TGF-B (functions described in Section 1.1.2.2; Doeing and Solway,
2013)



Goblet cell hyperplasia is a vital part of the airway remodelling process, leading to mucus
hypersecretion and therefore airflow obstruction, and can even lead to asphyxiation in extreme
cases during asthma exacerbations (Ordonez et al. 2001, Rogers 2002). It is thought that IL-4,
IL-9 and IL-13 are important in the induction of goblet cell hyperplasia. IL-4 and IL-9 can induce
the differentiation of epithelial cells into mucin (MUC)5AC+ goblet cells, and epidermal growth
factor (EGF)-receptor activation is required for IL-13-induced goblet cell hyperplasia, leading to
the activation of receptor tyrosine kinase (RTK) and mitogen-activated protein kinases (MAPK;
Rogers 2002, Vermeer et al. 2003, Scudieri et al. 2012).

Bronchial vessels cover the whole bronchial area, including the terminal bronchioles where they
join and form pulmonary vessels (Zanini et al. 2010). During airway remodelling, increased
bronchial vascularisation occurs, including angiogenesis of new bronchial vessels, vasodilation
of existing vessels, decreased blood flow and increased permeability of vessels, leading to
airway wall thickening and reduction of airflow through the lumen (Bailey et al. 2009, Zanini et
al. 2010). Bronchial vascularisation also leads to oedema in the airway and can result in the
failure to clear mucus secretions, which has been a common feature noted in fatal asthmatic
cases (Dunnill 1960, Zanini et al. 2010). Many factors are important in the process of bronchial
vascularisation, such as vascular endothelial growth factor (VEGF), matrix metalloproteinase
(MMP)-9 and angiopoietin (Ang)-1 and 2, although the definitive roles of each are not clear
(Zanini et al. 2010).

Fibrosis is perhaps the most important contributor of airway remodelling. Fibrosis of the RBM
contributes to both the increased thickness of the airway and decreased airflow observed in
airway remodelling, and occurs when loose collagen fibrils within the RBM are replaced by a
dense cluster of ECM proteins, including fibrinogen, collagen and tenascin (TN; Royce et al.
2012). A number of cytokines play a role in this mechanism, including TGF-p, IL-4, IL-5, and IL-
17. IL-5 is vital in eosinophil recruitment and is therefore indirectly involved in fibrosis, as
eosinophils are an important producer of TGF- (GharaeeKermani and Phan 1997, Al-Muhsen
et al. 2013, Borthwick et al. 2013). TGF- promotes the transcription and accumulation of ECM
proteins alongside the reduction of matrix degrading proteases and their inhibitors such as
tissue plasminogen activator (t-PA), MMP-1, MMP-9 and tissue inhibitor of metalloproteinase
(TIMP)-1, 2 and 3 (Border and Noble 1994, Branton and Kopp 1999). TGF-f and IL-4 also
drives the differentiation to fibroblasts to myofibroblasts during airway remodelling, which
promotes the deposition of collagen and other ECM proteins (Brewster et al. 1990). Epithelial-
mesenchymal transition (EMT) of epithelial cells (the reversion of epithelial cells back to
mesenchymal stem cells and then to another cell type) is a vital mechanism involved in fibrosis
and airway remodelling during atopic asthma (Hackett et al. 2009). This process is driven by
TGF-B, which induces the EMT of airway epithelial cells (AEC) to myofibroblasts in a Smad3
transcriptional modulator dependent manner (Hackett et al. 2009). During EMT, cells become
motile, elongated fibroblast like cells, which results in the recruitment of eosinophils. This drives
ECM deposition and fibrosis, and induces the loss of adherens junctions, mucosal barrier
deterioration and disrupts signalling pathways. Further work also revealed that stimulation of

eosinophils with Th17 cytokines (such as IL-17F, which has been demonstrated to be increased
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in the lung tissue of asthmatics) induces TGF-f expression, potentially through p38 MAPK

activation (Al-Muhsen et al. 2013). The pathophysiology of asthma is summarised in Figure 1.1.

1.1.3. Asthma Exacerbations

In asthma sufferers, symptoms can suddenly worsen and lead to an asthma exacerbation (also
known as an ‘asthma attack’), which is the mass release of inflammatory cytokines, chemokines
and mucus, triggering bronchospasm and therefore obstruction of the airway (Aikawa et al.
1992). Asthma exacerbations are surprisingly common in asthmatic patients, with a US study
finding that approximately half of all American suffers experienced at least one exacerbation per
year (Pollart, Compton and Elward 2011). Symptoms before respiratory arrest include:
breathlessness, increased respiratory rate, wheezing, bradycardia, lowered lung function and
drowsiness (Krishnan et al., 2006). Rapid care is vital, and according to the World Health
Organisation, in the most severe cases, around 250,000 people per year die from asthma
exacerbations, whilst many more are hospitalised (Bousquet et al. 2010). There are a number of
risk factors that contribute towards the increased risk of death following an asthma
exacerbation, including: the number of previous severe exacerbations, the number of annual
hospitalisations to asthma, low socio-economic status, drug use, and mental health difficulties
(Denlinger et al., 2014). When respiratory arrest occurs, it is vital that intravenous administration
of B,-agonists occurs, rather than oral administration, in order to quickly induce bronchodilation
(Krishnan et al., 2006). Intravenous magnesium sulphate treatment may also be beneficial in
inducing bronchodilation (Krishnan et al., 2006). One of the main causes of asthma

exacerbations are respiratory viruses, including human rhinovirus (RV).
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Figure 1.1. Asthma Pathophysiology

Asthma is a Th2 skewed immune response that involves a large number of cytokines and
immune cells. The chronic and heightened immune response leads to airway remodelling, due to
immune cell infiltration, narrowing of the airway, fibrosis, smooth muscle thickness increase, and
goblet cell hyperplasia. Airway remodelling and inflammation leads to AHR, leading to increases

sensitivity to bronchoconstriction during asthma exacerbations.



1.2. Human Rhinovirus

1.2.1. RV Structure and Serotypes

RV is one cause of the common cold and is a member of the Enterovirus genus in the
Picornaviridae family of viruses, which also includes Coxsackievirus B (CVB) and Poliovirus
(L'Huillier et al. 2015). The virus has single stranded ribonucleic acid (ssRNA) and is comprised
of around 7000 bases with no envelope (Fuchs and Blaas 2012). RV infects the epithelial cells
in both the upper and lower airway and there are around 148 serotypes which can be grouped
into two classification systems (Mosser et al. 2002, Harvala et al. 2012, Mcintyre, Knowles and
Simmonds 2013). The A-B-C classification system is based on the similarity in the ribonucleic
acid (RNA) sequences of the viral protein (VP)1, whereas the major-minor-C classification
system is based on the entry receptor used by the virus to enter the cell (Mcintyre et al. 2013,
Schuler et al. 2014). Major serotypes bind to intracellular adhesion molecule (ICAM-1) on the
cell surface, whilst minor serotypes use various low density lipoprotein receptors (LDLRS) — low
density lipoprotein receptor, very low density lipoprotein receptor and low density lipoprotein
receptor-related protein 1 (Schuler et al. 2014). All RV-B and around 80% of RV-A use the
adhesion molecule ICAM-1 as the receptor for entry so hence are major, whilst the other 20% of
RV-A use LDLRs and so are minor (Greve et al. 1989, Hofer et al. 1994, Slater et al. 2010,
Schuler et al. 2014). RV-C was only identified in 2006 and uses cadherin-related family member
3 (CDHR3) for binding and replication, with domains 1 and 2 in the transmembrane protein

shown to interact with the RV-C viral capsid (Bochkov et al. 2015).

1.2.2. RV Epidemiology

RV infections tend to predominate in the spring, summer and autumn months, with influenza
and respiratory syncytial virus (RSV) becoming more prevalent in the winter (Jacobs et al.
2013). The geographical distribution of RV-A, RV-B and RV-C is not restricted to particular
regions, and although particular serotypes are more prevalent in certain places (RV-B69 is most
prevalent in Asia for example), the most common types of RV circulate worldwide (Mclintyre et
al. 2013). Most RV infections lead to exhibition of no symptoms at all or only mild clinical
symptoms associated with the common cold, such as nasal irritation, mucus production and
blocked sinuses, with approximately 10-33% of infections thought to be completely
asymptomatic in children (Singeton et al. 2010). Symptoms can worsen however, with a sore
throat, cough, headache, fevers and malaise lasting between 7-14 days, and in extreme cases,
even possible mortality in the elderly. Despite the majority of these symptoms not being harmful
or life-threatening, they are of huge economic burden, with estimated costs of respiratory viral
infection (which RV is a large part of) in the UK totalling over £27 million per annum,
contributing towards 16% of the overall outlay for respiratory conditions (Truman et al. 2017).
RV is also involved in the development of acute otitis media, rhinosinusitis, croup and
community acquired pneumonia (Jacobs et al. 2013). There are no approved antiviral agents for

the treatment of RV infection currently on the market, primarily due to issues such as drug
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toxicity and lack of efficacy (Jacobs et al. 2013). Furthermore, despite the recognition of a need
for a RV vaccine, there is currently none available on the market and there are a vast number of
challenges, such as a lack of in vivo models and difficulty in creating cross-serotype specificity,
that need to be overcome to make a vaccine a possibility (Katpally et al. 2009, Edimayr et al.
2011, McLean 2014).

1.2.3. RV and Asthma Exacerbations

There are many triggers of asthma exacerbations, such as pollution and allergens, but the most
common cause are respiratory viral infections, with many studies demonstrating a direct
association in asthmatic patients between exacerbations and respiratory viral infection of the
airway (Johnston et al. 1995b, Freymuth et al. 1999, Wark et al. 2002, Chauhan et al. 2003,
Johnston 2005). In multiple studies investigating exacerbations in children, respiratory viruses
were detected in 71.9% (Freymuth et al. 1999), 78% (Chauhan et al. 2003) and 80% (Johnston
et al. 1995b) of cases and whilst less clear in adults, one study showed a viral detection rate of
76%, with the presence of the virus associated with acute asthma symptoms (Wark et al. 2002).
Respiratory viral infections detected in asthma exacerbations include respiratory syncytial virus
and influenza virus, however the most common virus implicated is RV, which is detectable in

approximately 60-70% of all virally-induced exacerbations (Garbino et al. 2004, Johnston 2005).

RV infection in children under 3 highly predisposed children to the development of asthma by 6
years of age, and RV had a greater risk factor compared to RSV (Jackson et al. 2008). One
study attempted to detect the presence of respiratory viral infections in children aged 9-11
following an asthma exacerbation by polymerase chain reaction (PCR) and culture of the
viruses from nasal aspirates. Of the 296 cases, respiratory viruses were present in 226 cases
and RV was present in 84 of these (confirmed by PCR), with a further 62 cases also thought to
be due to RV. RV is difficult to culture, whereas other respiratory viruses aren’t, so those that
weren’t able to be cultured were assumed to also be RV (Johnston et al. 1995b). There may
also be a seasonal influence on the effects of RV-induced asthma exacerbations, as a study
demonstrated RV was significantly associated with asthma exacerbations in children in the
winter, spring and summer, but not in autumn (Rawlinson et al. 2003). RV-C infection correlates
with the most severe forms of asthma, with one study revealing the virus being present in 59.4%
of children hospitalised for the acute form of the disease (Bizzintino et al. 2011). Furthermore, in
children, boys under the age of 5 are the most susceptible to moderate / severe asthma
exacerbations and the most common classification of RV identified in this group is RV-C
(Lambert et al. 2017). A study identifying respiratory viruses in adults with asthma identified the
presence of respiratory viruses in 114 of 229 nasal or throat swabs taken following an
exacerbation, with RV present in 67% of these cases (Nicholson, Kent and Ireland 1993).
Another study analysed sputum and nasal lavage fluid (NLF) in adults following the first
symptoms of a cold. 52 asthmatic patients were enrolled and of these, 25 suffered an asthma
exacerbation, with RV present in 19 of these patients (Denlinger et al. 2011). Although children
infected with RV-C more likely to require additional oxygen and to have wheezing symptoms
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(Miller et al. 2009), another study determined that RV-A had the highest risk factor of inducing
an asthma exacerbation (Denlinger et al. 2011), and thus the severity of symptoms may also be
based on other factors independent of RV serotype. A coding single nucleotide polymorphism
(SNP; rs6967330, CsxY) in the CDHR3 receptor was demonstrated to increase cell surface
expression of the receptor, resulting in increased RV-C infection and viral replication in
Henrietta Lacks (HelLa) cells (Bochkov et al. 2015), and this epitope has also been linked to

recent lethal RV-C outbreak in Ugandan chimpanzees (Scully et al. 2018).

Whilst asthmatic patients are not at a greater risk of respiratory viral infection compared to non-
asthmatics, those with the disease do suffer from longer, more persistent infections and have
more severe symptoms (Corne et al. 2002). It is still not entirely clear as to why RV infection can
induce mass cytokine responses and ultimately asthma exacerbations in asthmatics, whilst in
non-asthmatics, RV infections are usually asymptomatic or only produce unremarkable ‘cold-
like’ symptoms. A number of factors could play a role in this, such as inadequate interferon
(IFN) production following RV infection; however this is a controversial topic. Primary bronchial
epithelial cells (PBECs) from asthmatic patients was revealed to produce less IFN-B messenger
RNA (mRNA) at 8 hours and 2.5 times less IFN-B protein at 48 hours post RV-16 infection,
compared to that from non-asthmatic controls (Wark et al. 2005). Viral titre released into the
supernatant was also significantly increased, resulting in decreased asthmatic cell viability
(Wark et al. 2005). IFN-A was also confirmed to be deficient in PBECs from asthmatic patients
at 48 hours, again correlating with increased viral titre and severity of symptoms (Contoli et al.
2006). Interestingly, deficient IFN-a and IFN-B responses to RV-16 seem to not be due to
deficiencies in signalling, with no reduction in myeloid differentiation primary response 88
(MyD88), IFN regulatory factor (IRF)3, IRF7 or NF-kB protein expression observed between
asthmatics and non-asthmatics (Sykes et al. 2012). Despite this information suggesting that
asthmatics have an IFN deficient response to RV, there is also evidence to the contrary.
Bronchial epithelial cells cultured into air liquid interface (ALI) from asthmatics did not display
any differences in IFN-B production compared to non-asthmatic controls, following 48 hours RV-
16 infection (Lopez-Souza et al. 2009) and PBECs from asthmatic and non-asthmatic
individuals displayed no differences in IFN-B mRNA expression 16 hours post-RV-1A infection
(Bochkov et al. 2010). It was also demonstrated that no IFN differences were observed in
response to RV-1B and RV-16 infection in PBECs from patients with well controlled asthma
(Sykes et al. 2014). Whilst IFN deficiencies may exist in asthmatic patients, this may be RV
serotype specific and asthma severity specific, among other unknown factors, and needs to be
investigated further.

1.2.4. RV Lifecycle and Signalling

1.2.4.1. Pattern Recognition Receptors (PRR) and RV TLR Activation

The main site of RV infection is the bronchus, where the virus encounters AECs. AECs have

large amount of pattern recognition receptors (PRRS), including Toll-like receptors (TLRS),
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retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs) and Nod-like receptors (NLRs) in
order to detect pathogens and trigger signalling cascades to provide an immune response
(Slater et al. 2010).

TLRs are type 1 transmembrane proteins that contain leucine rich repeats, with 10 types of
TLRs described in humans so far (Kawai and Akira 2010). TLRs can be present on the cell
surface, (TLR4, TLR5 or a heterodimer of TLR2-TLR1/TLR2-TLR6) or can be expressed in
intracellular vesicles, (TLR3, TLR7, TLR8 and TLR9), and as a general rule, cell surface TLRs
recognise lipids, lipoproteins or proteins, whereas intracellular TLRs recognise RNA or DNA
(Kawai and Akira 2010). Within cell surface or intracellular TLR subclasses, TLRs recognise
different pathogen-associated molecular patterns (PAMPs) - for example, TLR4 recognises
LPS, whilst TLR5 recognises flagellin (Kawaii and Akira 2010). Upon recognition of these
ligands (which may require activation of additional co-receptors, such as MD2 for LPS-TLR4
activation), TLRs use their Toll-IL1 receptor domains to initiate downstream signalling pathways.
Different TLRs induce different signalling pathways, usually through the activation of NF-kB or
IRF3/7 (Kawai and Akira 2010), described in more detail in Section 1.2.4.2. Human TLRs are

summarised in Table 1.1.

Table 1.1. Summary of Human TLRs (Kawai and Akira 2010)

Receptor Location Ligands Signalling Pathways
Induced
TLR1 Endoplasmic Lipoproteins NF-kB
Reticulum (ER), PM
(Heterodimer with
TLR2)
TLR2 PM (Heterodimer with | Lipoproteins, Viral | NF-kB, IRF3, IRF7
TLR1 or 6), | Capsid, Zymosan
Endosome
TLR3 Endosome, ER Viral RNA NF-kB, IRF3
TLR4 PM, ER LPS, Viral Protein NF-kB, IRF3
TLR5 PM Flagellin NF-kB
TLR6 PM (Heterodimer with | Lipoproteins NF-kB
TLR2)
TLR7 Endosome Bacterial RNA, Viral | NF-kB, IRF7
RNA
TLR8 Endosome Viral RNA NF-kB, IRF7
TLR9 Endosome Bacterial DNA, Viral | NFkB, IRF7
DNA, Parasite DNA
TLR10 Spleen, Lymph | No Known Ligand Anti-Inflammatory,
Nodes Exact Pathway
Unknown
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RLRs are a family of RNA helicases that function as recognition receptors for viral RNA, and are
made up of three receptors, RIG-I, melanoma differentiation-associated protein 5 (MDAS5) and
laboratory of genetics and physiology 2 (LGP2; Loo and Gale, 2011). They have similar
structures, which include caspase activation and recruitment domains, a RNA helicase domain
and repressor domains. The receptors are expressed in the cytosol of a large number of cell
types (such as AECs), and are usually only expressed in low levels at basal, before being
dramatically upregulated in response to viral infection (Loo and Gale, 2011). Upon activation,
RLRs specifically induce the expression of anti-viral IFNs in order to help combat viral infection
(see Section 1.2.4.2. and 1.2.4.3.). Furthermore, there are 23 NLR human receptors, which
primarily recognise bacterial infection and therefore are expressed in a wide range of immune
cells, such as macrophages and neutrophils (Franchi et al., 2009). These cells induce the
transcription of antimicrobial peptides and inflammatory cytokines, but will not be discussed

further as they do not play a role in RV infection.

Many of these PRRs play an important role in recognising RV upon viral entry of the upper or
lower airway. RV initially binds to the AECs via ICAM-1, LDLRs or CDHR3 (depending on the
serotype of the RV, see Section 1.2.1). Binding to ICAM-1 is thought to induce a conformational
change in major type RV, allowing the virus to be internalised (Fuchs and Blaas 2012).TLR2
(associated with TLR1 or TLR6 in a heterodimer) is present on the cell surface and recognises
the viral capsid of RV (Triantafilou et al. 2011). Following binding to the cell surface receptors,
clathrin mediated endocytosis is most the common route of internalisation in RV infection, but
caveolae-dependent and clathrin/caveolae-independent endocytosis also occurs (Snyers,
Zwickl and Blaas 2003, Fuchs and Blaas 2012). In clathrin mediated endocytosis, clathrin
scaffold protein is assembled alongside other membrane factors such as activator protein-2
(AP-2), which leads the formation of clathrin-coated vesicles (Takei and Haucke 2001, Snyers
et al. 2003). Upon internalisation into the cell, the virus is trafficked into the early endosome,
where the low pH leads to the uncoating of the virus (Fuchs and Blaas 2012). Once uncoating
has occurred, the RNA of the virus is released, host cell transcription is turned off, viral
translation occurs and the viral polypeptide is processed rapidly (Whitton, Cornell and Feuer
2005). During this replication, the ssRNA forms a temporary double stranded RNA (dsRNA)
intermediate, which can be recognised by TLR3 (Wang et al. 2009). Recently, the endosomal
PRRs TLR7 and TLR8 have been suggested to potentially play a role in the recognition of RV in
the endosome through recognition of ssRNA, but evidence is currently contradictory (see
Section 1.2.3.2.; Parker et al. 2008, Slater et al. 2010, Triantafilou et al. 2011, Hatchwell et al.
2015). Upon exiting the endosome and entering the cell cytoplasm, the RLRMDAS) can detect
the dsRNA of RV, whilst another RLR, RIG-I, can detect short dsRNA strands and ssRNA
(Slater et al. 2010, Triantafilou et al. 2011).

It is also hypothesised that autophagy may play a vital role in detection and processing of the
virus by the innate immune system. Autophagy is the process by which the cell encapsulates its
own cytosolic components by autophagosome organelles, in order to be targeted for

degradation by hydrolase containing autolysosomes (Parker et al. 2014). There is evidence that
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RVs can regulate autophagy in a serotype specific manner that does not distinguish between
major and minor type groups, for example, RV-2 (minor) and RV-14 (major) can induce
autophagosome formation but RV-1A (minor) cannot (Jackson et al. 2005, Klein and Jackson
2011, Parker et al. 2014). Whilst research using HelLa cells has determined that RV-2 can use
autophagy to modulate viral replication and release, evidence of this in human AECs is less
clear (Klein and Jackson 2011). Work within our lab demonstrated that autophagy plays next to
no role in the cytokine response to RV-1B and RV-16, or viral replication itself in the BEAS-2B
cell line, whilst the autophagic pathway may play a role in RV-16 replication and infection in the
NCI-H292 cell line and PBECs (Wu et al. 2013, Ismail et al. 2014, Parker et al. 2014, Wu et al.
2015).

1.2.4.2. RV Signalling

The PRRs activated and signalling pathways induced by RV in the airway are summarised in
Figure 1.2. The TLR3 pathway is considered to be a primary mechanism of recognising RV and
generating an immune response to the virus. TLR3 signalling is Toll-IL receptor domain-
containing adapter-inducing IFN-B (TRIF)-dependent; TRIF binds directly to TNF receptor
associated factor (TRAF)6, which then activates mitogen-activated protein kinase kinase kinase
(TAK1). TRIF also recruits receptor-interacting protein 1 (RIP-1) through tumour necrosis factor
receptor type 1-associated death domain protein (TRADD), which then forms a NF-kB activation
complex with TRAF6, TAK1 and Pellino-1 (Kawai and Akira 2010). Pellino-1 is an E3 ubiquitin
ligase that is vital for the formation of the activation complex, which then phosphorylates the NF-
kB inhibitor (IkB) kinase (IKK) complex (Chang, Jin and Sun 2009, Lawrence 2009). As Pellino-
1 is independent of IL-1 receptor-associated kinase (IRAK) signalling and is vital for the
formation of the IKK complex, it may represent a future therapeutic target, with Pellino-1
knockdown by small interfering RNA (siRNA) able to control harmful inflammation whilst not
affecting anti-viral responses (Bennett et al. 2012). The IKK complex comprises of the NF-«kB
essential modulator (NEMO), IKKa and IKK(B proteins and phosphorylation of NEMO enables
IKKB to phosphorylate IkB (Lawrence 2009). The phosphorylation of IkB enables the activation
of the classic conical p50 and p65 NF-kB subunits which translocate to the nucleus, inducing
both pro and anti-inflammatory cytokines and chemokines such as TNFa, GM-CSF, IL-1j3, IL-6,
C-X-C Motif Ligand (CXCL)8, IL-10 and IL-4 (Zhu et al. 1996, Kim et al. 2000, Alexopoulou et al.
2001). The alternative non-conical RelB and p50 subunits are phosphorylated by IKKa,
activating genes required for B-cell activation and so is not relevant to RV infection (Senftleben
et al. 2001, Lawrence 2009). TLR3 signalling is also responsible for the production of anti-viral
IFNs. TRIF and phosphatidylinositol-4,5-bisphosphate-3-kinase (PI3K) are recruited and PI3K
phosphorylation assists in the recruitment of TRAF3 and nucleosome assembly protein 1

(NAP1), causing IRF3 activation and type | IFN generation (Matsumoto and Seya 2008).

Upon major-type RV binding to ICAM-1, proto-oncogene tyrosine-protein kinase Src (Src) is
activated and spleen tyrosine kinase (Syk) is phosphorylated, inducing clathrin mediated RV
endocytosis (Lau et al. 2008). Furthermore, PI3K is activated, converting phosphatidylinositol

(3,4)-bisphosphate (PIP,) lipids to phosphatidylinositol (3,4,5)-trisphosphate (PIP3). This
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conversion allows protein kinase B (Akt) activation by phosphoinositide-dependent kinase-1
(PDK1), inducing NF-kB signalling and inflammatory cytokine release (Lau et al. 2008,
Hemmings and Restuccia 2015). Evidence documenting the signalling pathways induced by
minor group RV following binding to LDLRs is not yet complete, but it has been ascertained that
the virus has the ability to induce PI3K and Akt to activate NF-kB signalling (Newcomb et al.
2008). Due to the recent discovery of RV-C, it is currently not yet known if and how CDHR3

initiates signalling pathways following the binding of the virus.

TLR2 stimulation leads to signalling through Toll-IL1 receptor domain containing adaptor protein
(TIRAP), recruiting MyD88, a crucial adaptor protein in the production of inflammatory cytokines
(Kawai and Akira 2010). MyD88 recruits IRAK4 for initial NF-kB activation, with IRAK1 and
IRAK2 potentiating a longer, more robust activation. IRAK activation then activates TRAF6 and
thus TAK1, activating the NF-kB pathway as described in TLR3 signalling. TAK1 can also
activate the MAPK kinases such as extracellular signal regulated kinases (ERK), p38 and c-Jun
N-terminal kinases (JNK), activating the transcription factor activator protein 1 (AP-1), which
induces cytokines such as IL-2 and TGF-B (Kawai and Akira 2010). TLR2 can also recruit
translocating chain-associated membrane protein (TRAM) alongside MyD88 to induce IRF7 and
the production of type 1 IFNs (Stack et al. 2014).

TLR7 and TLR8 are phylogenetically similar and both can be expressed in the endosome.
When stimulated, TLR7 can recruit MyD88 along with IRAK4 and TRAF6, inducing NF-kB
activation for inflammatory cytokine release and IRF7 activation for IFN release (Kawai and
Akira 2010). There is some debate, however, as to whether TLR7/8 is involved in RV
recognition and signalling. Studies have demonstrated a decrease in cytokine and chemokine
secretion following RV infection when TLR7/8 was silenced in PBECs, and TLR7" mice
displayed impaired release upon RV-1B infection (Triantafilou et al. 2011, Hatchwell et al.
2015). Despite this, other studies found no evidence of a role for TLR7/8 in RV infection (Parker
et al. 2008, Slater et al. 2010) and so whilst Triantafilou’s and Hatchwell’s findings fits with the
knowledge of ssRNA being a natural ligand of TLR7/8 (Kawai and Akira 2010), more

investigation is required.

RIG-1 and MDAS5 trigger downstream signalling through the mitochondrial antiviral-signalling
protein (MAVS) which results in IRF3 activation and NF-kB activation (Seth et al. 2005, Vareille
et al. 2011). Studies have begun to reveal the role of these RLRs in RV infection, with both
needing to be required in conjunction with TLR3 for maximal IFN-B production, whilst MDA5S
activation is required for the production of IFN-A (Slater et al. 2010). RIG-I and MDA5 are also
required in conjunction with TLR3 for maximal inflammatory and anti-viral cytokine and
chemokine expression, such as CCL5 and CXCL8 (Slater et al. 2010). MDA5 and RIG-I
signalling in response to RV was found to be TLR3/TRIF dependent and this, alongside the fact
that MDA5 and RIG-I are not constitutively expressed in PBECSs, indicates that they are
upregulated on the cells when TLR3 signalling is induced (Slater et al. 2010).
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Figure 1.2. The PRRs and Signalling Pathways Involved in RV Infection of AECs.

Major RV bind to ICAM-1 (1) receptors on the cell surface and minor RV bind to LDLRs (2),
which can signal through PI3K to induce anti-viral IFNs through IRF3/7 and pro and anti-
inflammatory cytokines / chemokines through NF-kB signalling. TLR2 (3) on the cell surface
can recognise the RV capsid and signals through MyD88 to activate the MAPK pathway for
AP-1-induced IFN production; TRAF6 for IRF7 induced IFN production or TRAF6-induced NF-
KB signalling. TLR7/8 and TLR3 (4) are located within the endosome and bind to ssRNA and
dsRNA respectively, but there is contrasting evidence about whether TLR7/8 play a role in RV
infection of PBECs. TL7/8 signals though PI3K for IRF3/7 IFN production and NF-kB signalling,
whilst TLR3 activates RIP-1 through TRADD-TRAF6-TAK1, inducing NF-kB signalling. The
final receptors involved in RV recognition are in the cytoplasm, with MDA5 primarily
recognising dsRNA and RIG-I ssRNA (5). These receptors then signal through MAVS,
activating NAP1 and TRAF3 for IRF3/7 IFN production and NF-kB signalling. RV-C signals
through the CDHR3 receptor, but as the signalling pathway is unknown, it has not been
included. Blue arrows denote cytokine pathways, purple arrows denote IFN pathways and

dotted arrows denote translocation to the nucleus. Adapted from Kawai and Akira (2010). 15



1.2.4.3. Consequences of Pathway Activation in RV Infection

It is also important to note however, that another study indicates that whilst TLR3 and MDA5
have a role in RV signalling, RIG-I does not, as RIG-1 knockdown by siRNA did not decrease
cytokines produced in the signalling pathway (Wang et al. 2009). Both studies used the RV-1B
serotype, but whilst BEAS-2B cells were used in the Wang study to look at RIG-I signalling, the
Slater study used PBECs from healthy non-smokers (Wang et al. 2009, Slater et al. 2010),
which could account for the differences in the observed signalling pathways. Furthermore, it
cannot be ruled out that there may be a compensatory mechanism that occurs when RIG-| was
knocked down in the Wang study, as MDA5 can recognise dsRNA and so could theoretically

still produce a sufficient response to RV.

The inflammatory cytokines / chemokines produced through RV-induced signalling pathways
have profound effects on the airway, primarily the increased recruitment of inflammatory cells to
the airway, and activation of these in order to remove RV (Papi and Johnston 1999, Wark et al.
2005). IL-6 activates T-lymphocytes and augments Ig release (Zhu et al. 1996), whist CXCL8 is
known to recruit neutrophils and eosinophils and can also promote neutrophil degranulation
(Johnston et al. 1997). IL-1B is also produced in response to RV-induced caspase 1 activation
and is required for RV-induced CXCL8 and IL-6 release (Piper et al. 2013). CCL5, also known
as ‘regulated on activation, normal T-cell expressed and secreted’ (RANTES), promotes the
recruitment of Th2 cells and eosinophils (Chun et al. 2013) and GM-CSF is required for
proliferation, activation and differentiation of macrophages and dendritic cells (Francisco-Cruz et
al. 2014). IL-33 recruits Th2 cells and innate lymphoid cells; IL-13 regulates monocyte and B-
cell maturation and proliferation, and IL-17 is a chemotactic agent for monocytes and
neutrophils (McKenzie et al. 1993, Aggarwal and Gurney 2002, Jackson 2014). Furthermore,
many of these cytokines can have anti-inflammatory roles, and specific anti-inflammatory
cytokines are also released. IL-4 can inhibit TNFa, IL-6, CXCL8 release, whilst IL-6 also
downregulates TNFa (Libert et al. 1994, Wang et al. 1995, Opal and DePalo 2000). IL-10 is an
anti-inflammatory cytokine which can inhibit cytokine release in neutrophils and natural killer
(NK) cells, p50/p65 translocation to the nucleus, TNFa receptor function and the transcription of

pro-inflammatory cytokines (Joyce et al. 1994, Clarke et al. 1998, Opal and DePalo 2000).

There are 3 types of IFNs: IFN-I, IFN-Il and IFN-III (Levy, Marie and Durbin 2011). IFN-a and
IFN-B are type | IFNs, IFN-y is a type Il IFN and IFN-AL, IFN-A2 and IFN-A3 are type llI
(Cakebread et al. 2011). Once activated by respiratory viruses (including RV), they induce the
janus kinase-signal transducer and activator of transcription (JAK/STAT) pathway, inducing a
number of processes that are vital for the anti-viral response, which is primarily focused on the
inhibition of viral polypeptides (Samuel 2001, Cakebread et al. 2011, Levy et al. 2011). Protein
Kinase R (PKR) is an anti-viral RNA dependent protein kinase that is upregulated by IFN-a and
IFN-B and also has a role in stabilising IFN-a and IFN-3 expression following infection (Kuhen
and Samuel 1999, Williams 1999, Williams 2001, Schulz et al. 2010). The main role of PKR is to
phosphorylate eukaryotic initiation factor 2 (elF2), blocking guanosine diphosphate (GDP) to
guanosine triphosphate (GTP) exchange, which is vital for mRNA synthesis and therefore viral
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replication is inhibited (Gale and Katze 1998). 2,5’ oligoadenylate synthetase 1 (OAS1) can be
induced by IFNs (including IFN-a) and generates 2’,5’-linked oligoadenylate (2-5A), activating
RNase L, which has the ability to degrade viral RNA and stop viral protein synthesis
(Rutherford, Hannigan and Williams 1988, Choi et al. 2015). Inducible nitric oxide synthase
(iNOS) is induced by IFNs (including IFN-y) and can inhibit cytokines generated by respiratory
viral infection, as well as limiting viral replication (Karupiah et al. 1993, Sanders et al. 1998).
The mechanism behind the anti-viral properties of INOS varies depending on the virus type, but
has been demonstrated in enteroviruses to inhibit the viral cysteine protease (Saura et al.
1999). It should be noted however, that IFN-inducible proteins can also be modulated by viruses
(for example RV has the ability to downregulate OAS1 gene expression following infection) and
can be potentially harmful in response to viral infections, with PKR found to be vital in the
induction of pro-inflammatory cytokines following RV infection (Edwards et al. 2007, Graser et
al. 2016).

RV has also been implicated with the deposition of ECM proteins important in airway
remodelling. RV-2 and RV-16 infection of PBECs and fibroblasts induced perlecan and collagen
V protein deposition, and was demonstrated to be TLR3 and TLR7 dependent in fibroblasts
(with TLR7 stimulation inducing the most deposition) and TLR3 dependent in PBECs (Kuo et al.
2012). Furthermore, RV-1B infection of C57BL/6 mice induced lung FN mRNA expression
between 24-96 hours and collagen | at 48 hours. RV-72 infection of A549 cells (a human
alveolar basal epithelial cell line) also induced mRNA expression of a number of ECM proteins
such as fibrinogen, transferrin, VEGF, thrombomodulin, matrix metallopeptidase and
complement factor H (Etemadi et al. 2017). Despite no observed change in tenascin-C (TN-C)
protein expression in PBECs in response to RV (Kuo et al. 2012), gene array analysis was
carried out on nasal scrapings from adults infected with RV-16, revealing a 2.8-fold increase in
TN-C mRNA (Proud et al. 2008).

1.3. Tenascin-C

1.3.1. The Tenascin Family of Proteins

The human TN family are ECM proteins that are distinct to vertebrates and made up of four
proteins — TN-C, TN-R, TN-W and TN-X (Jones and Jones 2000a, Hsia and Schwarzbauer
2005). The TN family of proteins were first shown to modulate the adhesive properties of the
target molecules they bind to, but since then have been revealed to be involved in a number of
other functions such as cell signalling and disease (Jones and Jones 2000b, Midwood et al.
2016). Table 1.2. summarises the alternate names, cellular localisation, chromosome number
located on, and diseases that the human TN proteins are implicated in (Chiquet-Ehrismann and
Tucker 2004, Midwood and Orend 2009, Merke et al. 2013, Morawski et al. 2014).
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Table 1.2. Summary of Human Tenascins

Protein Alternate Localisation of | Human Diseases
Names Protein Expression Chromosome | Implicated In
Located On
Tenascin-C Cytotactin, Bones, Cartilage, | 9 (9933) Asthma, Cancer,
Glioma Nervous System, Rheumatoid
associated ECM | Tendon, airway Arthritis (RA)
antigen, J1 | smooth muscle, Inflammatory
220/200, Tumours, Wounds Bowel Disease
Neuronectin, (IBD), Chronic
Hexabrachion Inflammation,
Atherosclerosis
Tenascin-R Janusin, Nervous System 1 Potential Role in
Restrictin Neurological
Disorders  Such
as Epilepsy,
Schizophrenia,
Addiction
Tenascin-W Tenascin-N Bones, airway smooth | 1 Cancer,
muscle Osteogenesis
Tenascin-X N/A Skeletal Muscle 6 Ehlers-Danlos

Syndrome

There is strong evidence that TN-C is implicated in the pathogenesis of asthma and is therefore

of primary interest for my PhD. As such, this study will now focus on TN-C only.

1.3.2. TN-C Structure and Function

1.3.2.1. TN-C Function

TN-C is an ECM protein that was first identified in 1983 when it was found to be associated with

gliomas and other cancerous cell types (Bourdon et al. 1983). The protein is named after two of

the main sites where it is expressed, tendons (Latin — tenure, meaning to hold) and the embryo

(Latin — nasci, meaning to be born; Chiquet-Ehrismann et al. 1986, Midwood et al. 2016). As

TN-C is a large, multi-domain glycoprotein, it has the ability to interact with a vast number of

targets through a myriad of different mechanisms, and therefore the protein does not in theory

have one primary function. TN-C modulates the adhesive properties of the target cells (including

fibroblasts, FN and keratinocytes), through a number of different interactions: such as cell

adhesion molecule interactions and syndecan binding (Tan et al. 1987, Jones and Jones
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2000b). For example, TN-C can modulate the adhesion of FN by binding to the proteoglycan
syndecan-4 through its glycosaminoglycan chains. This inhibits co-receptor function of
syndecan-4 in FN-induced integrin signalling, and FN loses its adhesive properties.
Furthermore, TN-C FNIII domain-dependent inhibition of syndecan-4 has also been implicated
in inducing tumour cell proliferation and metastasis, highlighting the importance of these
interactions in cancer (Huang et al 2001). TN-C is highly expressed in the embryo and is
involved in embryonic development (Midwood and Orend 2009). TN-C knockdown in chick
embryos (using antisense oligonucleotides) abrogates normal neural crest development and
TN-C KO mice displayed myelin degradation but enhanced growth of axons, thus indicating the
importance of TN-C in a functional and organised neuronal pathway (Cifuentes-Diaz et al. 1998,
Tucker 2001). TN-C is also important in skeletogenesis. For example, in cartilage, a TN-C layer
lies directly below syndecan-3 (a cell surface heparin sulphate proteoglycan)-rich chondrocytes,
with this interaction vital in cartilage development and integrity (Koyama et al. 1995). The
quantity of TN-C drops dramatically during adulthood and has the primary function of being
involved in wound healing and repair, with the initial work demonstrating that TN-C becomes
abundant in the affected tissue just 24 hours after the initial wound (Mackie, Halfter and Liverani
1988). During this process, the protein aids in the recruitment of endothelial cells, keratinocytes
and fibroblasts that control the wound healing by inducing the migration of these cells (Midwood
and Orend 2009). TN-C null mice have defects in wound healing, exhibiting lower FN levels and
keratinocyte numbers in corneal tissue in response to both linear perforation wounds and nylon
suture wounds (Matsuda et al. 1999). Another important role of TN-C is in tissue
neovascularisation, where it modulates endothelial cell shape and migration (Chung, Murphy-
Ullrich and Erickson 1996, Carmeliet 2000). TN-C can also induce different signalling pathways
involved in cell proliferation, cell survival, cellular recruitment and inflammation through binding
to TLRs, integrins and other receptors (Midwood et al. 2016). There is vast evidence
documenting that the function of TN-C differs depending on a number of factors, including: the
tissue the protein is expressed in, the disease state of the tissue and which domain TN-C is

signalling through.

1.3.2.2. The Domains of TN-C

The size of the TN-C protein ranges between 180-330 kDa and is composed of four main
domains: tenascin assembly (TA) domain, EGF-like repeats, fibronectin type Il (FNIII)-like
repeats and fibrinogen-like globe (FBG) domain (Figure 1.3). Individual TN-C polypeptides can
form a hexabrachion (a six armed structure which enables enhanced protein stability and allows
the protein to interact with more molecules), with the TA domain facilitating this interaction
through terminal cysteine residues (forming disulphide bonds) and heptad repeats (forming
hydrophobic interactions; Conway and Parry 1991, Jones and Jones 2000b, Giblin and
Midwood 2015). The 14.5 EGF-like repeats contain six cysteine residues which form disulphide

bonds with target molecules.
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Figure 1.3. The Structure of Tenascin-C

The human form of the TN-C can range from 180 kDa to 330 kDa and is comprised of different

distinct domains: the TA domain, EGF-like repeats, FNIII-like repeats and a FBG domain
(Midwood and Orend 2009). There are 14.5 EGF-like repeats which are each around 30-50
amino acids in length (and are stabilised by disulphide bonds between cysteine residues) and
the FBG domain is a large single protein of around 210 amino acids (Bonizzi and Karin 2004,
Midwood and Orend 2009). There can be up to 17 FNIII domains (determined by alternative
splicing) which are made of anti-parallel beta strands (90 amino acids long). FNIII-A1-FNIII-D
are the alternatively spliced domains, with FNIII-1-FNIII-5 and FNIII-6—FNIII-8 being the constant
domains. The alternative splicing in the FNIII domains is extremely important on protein function
and varies depending on the localisation of the protein; it is thought TN-C can vary by the size of
up to nine domains (Latijnhouwers et al. 2000, Matsuda et al. 2005, Midwood and Orend 2009).
The size and function of TN-C can also be modified by glycosylation, with 26 N-linked and 34 O-
linked glycosylation sites present. Adapted from Midwood and Orend (2009).
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Figure 1.4. TN-C Domains and Binding Partners Involved in Signalling

TN-C is a large multi-domain glycoprotein that has the ability to bind to and induce signalling
pathways through a large number of targets. The N-terminal TA domain (A) binds to another
five TA domains, forming a six-armed oligomer called a hexabrachion. The EGF-like repeats
(B) have the ability to bind to EGF receptor, inducing a range of responses in multiple cell
types, including inducing cell migration in melanoma cells by modulating cell adhesion. The
FNiIll-like (C) domains can bind to multiple integrins, including a9p1, av3 and a7$1, inducing
inflammatory pathways and adhesion modulation. The FNIII-like domains can also bind to a
number of proteins including perlecan, FN and heparin and modulate the function and
adhesion of these proteins. Finally, the FBG domain (D) binds to TLR4 and integrins such as

aVB3, inducing inflammation and cell proliferation. 21



These repeats can bind to, and induce anti-adhesive properties in, fibroblasts, neurons and glia
and therefore this interaction is assumed to be vital in the development of the central nervous
system (CNS; Prieto, Anderssonfisone and Crossin 1992, Fischer et al. 1997, Jones and Jones
2000b). The FNIll-like repeats are an extended beta structure that are highly elastic, and this
elasticity is purported to allow the revealing and hiding of domains allowing interactions with
ligands such as integrins (Erickson 1994, Oberhauser et al. 1998, Jones and Jones 2000b). The
FBG domain has a calcium binding loop and a globular fibrinogen-like domain and has been
demonstrated to bind to a large number of different molecules, such as TLR4, integrins,
collagen and other ECM proteins (Jones and Jones 2000b, Midwood et al. 2009, Midwood and

Orend 2009). The binding partners of each TN-C domain are summarised in Figure 1.4.

1.3.2.3. Alternative Splicing and Glycosylation

TN-C can differ by a size of approximately 140 kDa due to two main mechanisms, alternative
splicing and glycosylation, and these are vital to both the structure and function of TN-C.
Alternative splicing of TN-C was first discovered in the late 1980s (Jones et al. 1988, Gulcher et
al. 1989), and this has since been expanded much further — the FNIII repeats contain eight
‘constant’ repeats which are always present in the TN-C protein and nine ‘splice’ repeats which
can be present or absent, depending on the post-translational alternative splicing of the protein
(Giblin and Midwood 2015). Up to 95% of protein coding genes in humans are alternatively
spliced and the mechanism of alternative splicing occurs in two main steps (Wang et al. 2015).
First, a spliceosome forms following signalling pathway activation that consists of small nuclear
ribonucleic proteins, exonic splicing enhancers and intronic splicing enhancers. Secondly,
depending on the enhancers recruited to the spliceosome, certain introns are then excised from
the RNA and exons ligated to form pre-mRNA with particular TN-C domains included or omitted
(Wang et al 2015).

The eight constant repeats are FNIII-1, FNIII-2, FNIII-3, FNIII-4, FNIII-5, FNIII-6, FNIII-7 and
FNIII-8 and the nine splice repeats are FNIII-A1, FNIII-A2, FNIII-A3, FNIII-A4, FNIII-B, FNIII-
additional domain (AD)-2, FNIII-AD1, FNIII-C and FNIII-D. There are theoretically 511 possible
human splice variants of TN-C, but currently only approximately 100 have been discovered,
potentially due to certain ‘rules’ of expression, including AD2 only being expressed alongside
AD1, FNIII-C only alongside FNIII-D, and there is no documentation of FNIII-A4 and C being
linked together (Mighell et al. 1997, Joester and Faissner 2001, Giblin and Midwood 2015).
Alternative splicing can lead to variations in the molecular weight of the TN-C protein (each
FNIII domain is approximately 10 kDa), which can lead to expression of distinct small and large
variants. The definition of small and large variants can differ depending on the study and so for
the purpose of this study, small variants will be defined as approximately 180-250 kDa and large

as transcripts above 250 kDa.

The specific variants and splice domains expressed in different tissues are too vast to fully

explain in this study but are summarised in Giblin and Midwood (2015). As a general rule (there
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are exceptions however), small variants of TN-C are predisposed towards modulating adhesion
during embryogenesis (in rats and mice, there is limited evidence in humans) and are involved
in the wound healing response, whereas larger isoforms are thought to be associated in
diseases such as RA, malignant tumours and inflammation (Borsi et al. 1992, Ghert et al.
2001b, Page et al. 2012). The smallest TN-C variant (with no alternatively spliced domains) has
been demonstrated to bind strongly to FN and induce cell adhesion through the formation of
focal adhesions, whereas the larger variants have been revealed to be anti-adhesive (Zisch et
al. 1992, Ghert et al. 2001b, Giblin and Midwood 2015). Furthermore, FNIII-B, FNIII-D and
FNIII-AD2 and FNIII-AD1 are associated with breast cancer malignancy, and the quantity of
FNIII-AD2 and FNIII-AD1 may be a predictor of tamoxifen resistant tumours (Guttery et al.
2010). The FNIII-C domain also has a strong association with poor disease prognosis; it is
linked with high grade (lll) astrocytoma and glioblastoma tumours, thyroid carcinomas,
proliferating cells and is absent in healthy tissues (Carnemolla et al. 1999, Tseleni-Balafouta et
al. 2006).

Both experimental evidence and predictive software analysis of the protein has indicated that
TN-C has 26 putative N-linked and 34 O-linked glycosylation sites present (Taylor et al. 1989,
Gulcher et al. 1990, Steentoft et al. 2013, Giblin and Midwood 2015). Evidence on the functions
of the extensive glycosylation of the protein is currently sparse, with current studies focused on
one glycosylation epitope only, human-NK-1 (Yagi et al. 2010, Giblin and Midwood 2015). The
human NK-1 epitope is present on many glycosylated proteins and is present on TN-C variants
containing the splice domains FNIII-AL, FNIII-A2, FNIII-A4, FNIII-B, FNIII-C and FNIII-D, where
it was demonstrated to regulate the proliferation of neural stem cells (Yagi et al. 2010). Further
roles of glycosylation on TN-C have been predicted through the investigation of the effects
glycosylation has on FN, an ECM protein that closely associated with TN-C in vivo.
Glycosylation was demonstrated to protect FN from proteolytic degradation, as well as
modulating the adhesive properties of the protein, potentially by masking the domains and
making them unable to bind to target cells or proteins (Sano et al. 2007, Giblin and Midwood
2015). Further investigation is needed, but it can be predicted that the glycosylation of TN-C is a
nuanced mechanism that allows greater control over the function of the protein (Giblin and
Midwood 2015) and may explain why TN-C is differentially glycosylated depending on the

location of expression.

1.3.3. Pathways of Tenascin-C Upregulation

TN-C is upregulated in tissues via a number of different pathways. The protein has a TATA box
promoter that has a number of binding sites for transcription factors such as E26
transformation-specific (ETS), focal adhesion kinase (FAK) and Smad2/3 (Chiquet-Ehrismann et
al. 1994, Watanabe et al. 2003, Tucker and Chiquet-Ehrismann 2009). TN-C can also be
upregulated by mechanotransduction and hemodynamic stress, but the two most well
established inducers of TN-C are the cytokines TGF-f1 and TNFa (Goh et al. 2010, Imanaka-

Yoshida and Aoki 2014).
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TGF-B1 is secreted as an inactive precursor by immune cells such as eosinophils,
macrophages and mast cells and it is then activated by the removal of latency associated
peptide 1 by proteins such as MMP-9 (Makinde et al. 2007). Once activated, TGF-1 can
induce TN-C expression either through the MAPK / ERK pathway (binding to ETS on the
promoter) or through the Smad2/3 binding sites (Makinde et al. 2007). In the latter pathway,
further work revealed that the Smad3/4, specificity protein 1, ETS1 and cAMP-binding protein
(CBP)/p300 are also involved in this upregulation (Jinnin et al. 2004). TNFa has been
demonstrated to induce TN-C expression through ETS1 promoter activation by the NF-kB / p65
pathway. A number of studies identified this mechanism through abolishment of ETS1 activation
in chondrocytes, and by both bacterial lipopolysaccharide (LPS) stimulation and TNFa
stimulation of primary human myeloid cells (Nakamura et al. 2004, Nakoshi et al. 2008, Goh et
al. 2010). Furthermore, TN-C has the ability to induce TNFa expression in synovial membrane
cells and thus TN-C expression can be regulated by an autocrine inflammatory loop pathway,
with the protein itself acting as a danger associated molecular pattern (DAMP) at its focal point
(Midwood et al. 2009, Goh et al. 2010). The upregulation of specific variants of TN-C depends
on a large number of factors such as cell type, tissue location and disease state but it seems
that cytokines are an integral part of this mechanism. TGF-B1, for example, has been
demonstrated to induce small variants of TN-C (with no alternatively spliced domains) in
endometrial adenocarcinoma cells, but can also induce large variants (Vollmer et al. 1997). In
human skin cells, TNFa induced smaller TN-C variants, IL-4 induced equal amounts of small
and large variants, whereas IFN-y preferentially induced large variants of the protein
(Latijnhouwers et al. 2000).

As previously mentioned, despite the important roles of TN-C in development and tissue

regulation, the upregulation of the protein is also implicated in a large number of disease states.

1.3.4. The Role of Tenascin-C in Disease and Chronic Inflammation

TN-C has been demonstrated to be vital in the metastatic niche in cancers such as breast and
lung cancer, where it is thought to assist with tumour survival and metastasis through adhesion
modulation (Minn et al. 2005, Matei, Ghajar and Lyden 2011). TN-C is also implicated in the
pathogenesis of IBD, atherosclerosis and cardiovascular disease (CVD; Riedl et al. 2001,
Minear et al. 2011, Machino-Ohtsuka et al. 2014), but this study will focus on the role of TN-C in

inflammation and asthma, which is most pertinent to the research aim.

The inflammatory role of TN-C has been extensively researched in RA, where it has been
demonstrated to be expressed in areas of tissue damage in the rheumatoid joints (such as the
synovial membrane) and play a vital role in joint inflammation. Exogenously added recombinant
TN-C induced CXCL8 and TNFa in primary human synovial membrane cells, with the FBG
domain of the protein potentiating the inflammatory response through the TLR4-MyD88 pathway
(Midwood et al. 2009). In addition, TN-C KO mice were protected from sustained inflammation
following injection with zymosan (an inducer of acute synovitis), with no cell aggregates present

or proteoglycan loss (Midwood et al. 2009). One study investigating the presence of TN-C in the
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joints of RA patients revealed that there was raised levels of circulating TN-C compared to non-
RA controls, significantly more TN-C in late stage RA samples compared to the early stages of
the disease, and that levels of TN-C expression correlated with joint erosion (Page et al. 2012).
Furthermore, RA patients with high TN-C levels of expression in the joint were predicted to
respond poorly to infliximab treatment, with unresolved joint tenderness (Page et al. 2012). It
also seems that citrullinated residues in the FBG domain (conversion of arginine into citrulline)
correlates with RA pathogenesis, with between 40-50% of RA patients having anti-citrullinated
FBG antibodies compared to 3-6% of patients with non-RA arthritis or patients who recovered
from their symptoms (Raza et al. 2016, Schwenzer et al. 2016). This biomarker can also be
detected years prior to RA diagnosis (18% detection rate in pre-RA sera) and therefore could be
a useful biomarker to predict the onset of the disease (Schwenzer et al. 2016). TN-C is also
important in the regulation of pathogen induced TLR4 inflammation, with TN-C™” mice displaying
no symptoms 1.5 hours after LPS infection, compared to sepsis, weight loss and diarrhoea in
the WT control (Piccinini and Midwood 2012). TNFa was significantly reduced in these TN-C”
mice, and a bone marrow engraftment from WT mice rescued synthesis of this cytokine.
Furthermore, in vivo LPS stimulation of bone-marrow-derived macrophages (BMDMs) from TN-
C” mice released significantly less TNFa, IL-6 and CXCL1 and more of the anti-inflammatory
cytokine IL-10. It was determined that TN-C mediates the transcription of these cytokines
through inducing microRNA (mir)-155 expression, as mir-155 was inhibited in TN-C” BMDMs in
response to LPS and overexpression of mir-155 in these cells rescued the TNFa response
(Piccinini and Midwood 2012).

The TLR4 signalling pathway has been previously well described in response to LPS stimulation
(Kawaii and Akira 2010), but the TLR4 pathway in response to FBG is not fully understood, and
may differ from the LPS-TLR4 pathway. For example, the co-receptor MD2 is vital for LPS-TLR4
stimulation, whilst it is not required for FBG-TLR4 stimulation (Midwood et al. 2009). FBG-TLR4
signalling has been determined to be MyD88 dependent (Midwood et al. 2009), induce JNK and
p38 MAPKs (Piccinini et al. 2016) and cause nuclear translocation of the NF-kB p65 protein
(Nakoshi et al. 2008). As the full downstream effects of FBG-TLR4 stimulation is not yet known,
the main LPS-TLR4 pathway is described in Figure 1.5., with the current knowledge of the FBG
pathway highlighted within this.

TN-C can also induce inflammatory cytokine release, cellular recruitment and cellular
proliferation through binding to integrins, such as a9$1, a4p1, a5B1 and avB3. A gene
expression study of synovial tissues from murine arthritic joints following LPS stimulation
revealed an increase in the a9 integrin and TN-C (Kanayama et al. 2009). Addition of TN-C to
murine synovial fibroblasts and macrophages induced a large range of cytokines, including IL-6,
TNFa, MMP-9 and IL-1a, and these effects were ablated with either addition of an anti-a9
antibody, or by stimulation with a recombinant TN-C that was unable to bind to the a9 integrin
(Kanayama et al. 2009). a9 integrin mediated signalling is thought to be vital in Th17 cell
generation, recruitment of the cells to synovial tissues and development of arthritis (Kanayama
et al. 2011), and therefore TN-C is integral in this mechanism. Another study revealed that TN-C
and the integrin a9B1 are significantly increased in synovial fibroblasts and macrophages in RA
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patients compared to patients with osteoarthritis (OA). Additionally, the stimulation of these cells
with all the FNIII domains of TN-C induced significant fibroblast proliferation and significant
induction of MMP-1, MMP-3, MMP-13 and IL-6, and blockade of the a9 integrin ablated this
effect (Asano et al. 2014). Depletion of TN-C or a9 from fibroblast-like synoviocytes from RA
patients also supressed the pro-inflammatory phenotype of the tissues, blocking the
phosphorylation of FAK and decreased MMP-1, MMP-3 and IL-6 (Emori et al. 2017). TN-C can
also bind to the B1 integrin through FNIII-1-5 (and not through FNIII-A-D and 6-8), inhibiting
041 and a5B1 mediated T-cell binding to FN, and thus modulating T-cell adhesion, migration
and activation (Hauzenberger et al. 1999). Finally, TN-C can bind to avB3 through the FBG
domain, inducing IL-6 and TNFa release (Shimojo et al. 2015), as well as inducing tyrosine
kinase phosphorylation and therefore target cell proliferation, which is an important feature in

the immune response (Jones and Jones 2000b).

1.3.5. Tenascin-C and Viral Infections

More recently, TN-C has been documented to be a human immunodeficiency virus-1 (HIV-1)
neutralising agent, reducing viral transmission to children in the breast milk of infected mothers
(Fouda et al. 2013). It was demonstrated that TN-C binds to the cluster of differentiation (CD)4
epitope on the V3 loop of the gp120 envelope (Env) protein of the HIV-1 virus, which is vital for
the virus to bind to the CD4 receptor on CD4+ T-cells (Ilvanoff et al. 1992). The ability of TN-C to
block this epitope therefore means HIV-1 infectivity is reduced, blocking infectivity in vitro by up
to 66% (Fouda et al. 2013). It was also demonstrated that this neutralising interaction occurs in
an electrostatically charged manner (as adding sodium chloride significantly reduced binding)
and that the neutralising site may overlap a chemokine co-receptor (Fouda et al. 2013). Further
investigations into TN-C and other viruses have observed no relationships or interactions,

however.

1.3.6. Tenascin-C and Asthma Pathogenesis

Airway remodelling is a mechanism that contributes towards the pathogenesis of asthma (see
Section 1.1.2), with the thickening of RBM and airway smooth muscle, leading to reduced
airflow and difficulty in breathing (Roche et al. 1989). A vital part of this process is fibrosis of the
RBM, with ECM proteins such as collagen, FN and TN-C deposited and contributing towards
the thickening of the airway (Royce et al. 2012). An important study by Laitinen et al. (1997)
demonstrated that the presence of TN-C in the RBM of asthmatics was significantly increased
compared to non-asthmatic controls. Furthermore, the severity of asthma correlated with TN-C
thickness in the RBM: those with chronic asthma had greater TN-C thickness than patients with
seasonal asthma. Interestingly, six weeks budesonide treatment (a commonly used inhaled
asthmatic treatment) significantly reduced the presence of TN-C compared to the placebo
control treatment (Laitinen et al. 1997). Further investigation of bronchial biopsies revealed that
the presence of TN-C was present in greater quantities in atopic asthmatic patients compared to
non-atopic asthmatic patients and non-asthmatic controls (Amin et al. 2000), with similar results
also demonstrated by Karjalainen et al (2003).
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Figure 1.5. The TLR4 Signalling Pathway

FBG binds to the TLR4 PRR independent of the MD2 co-receptor (Midwood et al. 2009), whilst
LPS requires MD2 for TLR4 activation. The downstream pathways following FBG-TLR4
activation are not fully known, so the LPS-TLR4 pathway is described. TIRAP, MyD88, TRAM
and TRIF are recruited, inducing both the MyD88 and TRIF-dependent pathways. In the MyD88
pathway, IRAK1, 2 and 4 are recruited, activating TRAF6 and generating IRF7 IFN production
and NF-kB signalling. The MAPK pathway is also induced by TAK-1, with the MAPKs
endoplasmic reticulum resident J-domain protein (ERJ) 1/2, p38 and JNK activated by
phosphorylation of MAPK kinases. These then activate AP-1, CCAAT-enhancer-binding
proteins (C/EBP), mitogen and stress activated kinases (MSK)1/2 and cAMP Response
Element-Binding Protein (CREB) activating transcription factors (ATF) transcription factors,
inducing IFN and cytokine / chemokine production. The TRIF-dependent pathway also induces
the MAPK pathway, as well as NF-kB signalling through the TRADD-TRAF6-TAK1-RIP-1
complex. Whilst the FBG pathway is not fully described, it is known to be MyD88 dependent
(Midwood et al. 2009) and induce MAPK (Piccinini et al. 2016) and NF-kB p65 signalling
(Nakoshi et al. 2008). Those circled in red do not occur in FBG-TLR4 signalling and those
circled in green have been confirmed to occur in FBG-TLR4 signalling. Adapted from Kawai
and Akira (2010). 27



TN-C expression was revealed to be upregulated in the RBM in atopic asthmatics 24 hours after
challenge with methacholine (a bronchospasm inducer), before decreasing back to basal levels
at day 7 (Kariyawasam et al. 2007). A Japanese case-control study of 12 adult asthmatic
patients and 12 non-asthmatic controls investigated the SNPs of TN-C, revealing 62 genetic
polymorphisms within the TN-C region (Matsuda et al. 2005). Further investigation using
computational modelling revealed a substitution of the 1677" amino acid in the FNIII-D domain
from leucine in the non-asthmatics to isoleucine in the asthmatic population. This isoleucine is
located in the beta sheet of the FNIII-D domain, and the substitution is hypothesised to result in
steric hindrance and an increase in the stiffness of the protein and thus the asthmatic airway.
Furthermore, Th2 airway remodelling cytokines such as IL-4 and IL-13 were demonstrated to

upregulate TN-C expression in human lung fibroblasts (Matsuda et al. 2005).

Despite the evidence implicating TN-C in the process of airway remodelling, there is much less
direct research describing the role of TN-C as an inducer of inflammation in the airway. The
most prominent study in this area compared the airway inflammatory phenotype of TN-C” mice
(generated by lacZ gene insertion) sensitised to ovalbumin (Ova; an in vivo model of allergic
asthma) and WT Ova mice (Nakahara et al. 2006). The TN-C”" Ova mice had significantly lower
airway hyperresponsiveness as measured by both Penh value and airway pressure, and when
investigated further, it was determined these mice had decreased total cell counts and
eosinophil counts in the BALF and less cellular infiltrate in the peribronchial areas. Furthermore,
the TN-C” Ova mice had decreased goblet cells and there was significant decrease in
monocyte chemoattractant protein (MCP)-1, MMP-9, IL-5, IL-13 and IgE in the BALF. In the
same study, recombinant TN-C was added to mouse splenic lymphocytes, inducing IL-5, I1L-13,
IFN-y and IgE (Nakahara et al. 2006), however crucially, TN-C was not added to any epithelial
cells or immune cells originating from the mouse airway. A study investigating the presence of
TN-C in the airway of asthmatics revealed a positive correlation between the thickness of TN-C
and the number of mast cells present in bronchial biopsies, but only in atopic asthmatic patients
and not non-atopic asthmatics (Amin et al. 2000). An additional study investigated bronchial
biopsies taken from 63 asthmatic patients, revealing that RBM TN-C thickness correlated
positively with the presence of activated eosinophils, macrophages, CD3+, CD4+ (in atopic
asthmatics only) and CD8+ T-cells (in atopic and non-atopic asthmatics), but not mast cells or
neutrophils (Karjalainen et al. 2003). A correlation was also revealed between TN-C expression
in atopic asthmatics following allergen challenge with cellular inflammation, but, despite this,
there was no correlation between TN-C expression and AHR (Kariyawasam et al. 2007). Finally,
it was demonstrated that reducing eosinophils by treatment with IL-5 inhibitor mepolizumab also
reduced TN-C expression in the RBM (Lambrecht and Hammad 2012). Although it is known that
inflammatory cells (such as eosinophils) can cause deposition of TN-C, and that TN-C can also
induce the recruitment of inflammatory cells, it is not clear whether TN-C is primarily a driver or

consequence of inflammation in the airway in asthma.

Thus, there is detailed evidence implicating TN-C as a contributor towards the thickening of the
airway in the airway remodelling phase of asthma. TN-C is also a known inducer of chronic
inflammation (in other diseases such as RA) and the presence of TN-C correlates with the
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presence of inflammatory cells in the airway of asthmatics. However, despite this, direct and
causal evidence of TN-C inducing inflammation in the human airway is currently unavailable,
and it is therefore important that further research investigating the ability of TN-C to induce

inflammation in the airway is undertaken.

1.4. The Role of Extracellular Vesicles (EV) in Asthma

1.4.1. EV Formation, Structure and Function

As the research into the mechanisms responsible for the pathogenesis of asthma progresses, it
is becoming clear that EVs may also have an integral role. There are three main classifications
of EVs: exosomes, microvesicles (MVs) and apoptotic bodies, with exosomes and MVs the
most pertinent to this project (Figure 1.6.). The endosomal sorting complex required for
transport (ESCRT) is the mechanism behind EV formation (Budnik et al. 2016). The ESCRT is
required for transporting proteins for degradation to the lysosome and EVs (known as
intraluminal vesicles whilst intracellular) are formed by inward budding during this process. Over
30 proteins comprise the ESCRT complex such as ESCRT-0, which starts a recruitment
cascade - ESCRT-I is recruited to the endosome, recruiting ESCRT-II and ESCRT-IIl. ESCRT-
Il assembles into a long protein that coils around the budding vesicle and causes the pinching
and budding from the endosome, and vacuolar protein sorting-associated protein-4 (VPS4) and
alpha-1,3-mannosyltransferase (ALG-2) interacting protein x (ALIX) causes the disassembly
and degradation of ESCRT-IIl (Budnik et al. 2016). All four ESCRT protein complexes consist of

a number of proteins with a number of different function and these are summarised in Table 1.3.

Table 1.3. Proteins Involved in the ESCRT Pathway (Budnik et al. 2016)

Complex | Comprised Of: Role

ESCRT-0 | Hepatocyte growth factor-regulated tyrosine | Clusters proteins for
kinase substrate (HRS), signal transducing | ubiquitination, binds to PIP; and
adaptor molecule (STAM) recruits ESCRT-I

ESCRT-lI | Tumour susceptibility gene 101 (TSG-101), | Clusters ubiquitylated proteins,
(VPS)37, VPS28, ubiquitin associated | establishes binding  between

protein 1 (UBAP1) ESCRT-0 and ESCRT-II,
remodels membranes and recruits
ESCRT-III
ESCRT-Il | VPSNF8, VPS26, VPS36 Establishes binding of ESCRT-0

and ESCRT-I to ESCRT-III

ESCRT- | Charged multivesicular body proteins | Causes vesicle formation and
[ (CHMP) 2, CHMP7, VPS-IST1 budding by causing pinch of

membrane

It has been recently proposed that EVs can also form due to lipid-dependent mechanisms,
which are independent of the ESCRT complexes (Budnik et al. 2016). Sphingomyelin (catalysed
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into sphingomyelin synthase), ceramide and sphingosine-1 phosphate are thought to be vital in
this process, with sphingosine and phosphatidylcholine metabolism implicated in initiating
changes in membrane curvature (Budnik et al. 2016). Furthermore, it has been demonstrated
that upon EVs leaving the cell and reaching a target cell, they are internalised by

macropinocytosis and clathrin-independent endocytosis (Verdera et al. 2017).

Exosomes and MVs have the role of delivering contents, including mRNA proteins and lipids, to
surrounding cells, which is vital for cell homeostasis and communication (Valadi et al. 2007,
Bakhti, Winter and Simons 2011, Raposo and Stoorvogel 2013). Apoptotic bodies differ from
exosomes and MVs in that they form to allow phagocytosis and removal of pathogens, DAMPs
and other material during apoptosis (El Andaloussi et al. 2013). The research field of EVs is
particularly dynamic, with the criteria for EV classification constantly changing, but currently,
EVs are classified based on their cellular origin, size and/or function (EI Andaloussi et al. 2013).
Exosomes can range from 30-120 nm in size and originate from the endocytosis pathway. They
form multi-vesicular bodies (MVBs) from endosomes, which then fuse with the plasma
membrane (PM), and are actively released in a process that is dependent on GTPases (Raposo
et al. 1996, Hsu et al. 2010, Vlassov et al. 2012, El Andaloussi et al. 2013). Due to being of
endosomal origin, exosomes contain tetraspanins (such as CD9 and CD63), exosomal protein
trafficking proteins (such as ALIX and TSG-101), GTPases, flotillin-1 and lipids (Conde-Vancells
et al. 2008, Vlassov et al. 2012), however, the composition of exosomes can differ depending
on cell type and location in the body. MVs range in size between 100-1000 nm and are formed
when they bud directly from the PM, which may be controlled by adenosine diphosphate (ADP)-
ribosylation factor 6 (ARF6; Muralidharan-Chari et al. 2009, El Andaloussi et al. 2013, Raposo
and Stoorvogel 2013). The composition of MVs is dependent on the PM they arise from and
thus there are currently no commonly accepted markers, although CD40-L can be present
(Cantaluppi et al. 2012, ElI Andaloussi et al. 2013). Apoptotic bodies can range in size from 500-
2000 nm, contain a large presence of phosphatidylserine, have a permeable membrane and are
produced in response to controlled cell death by apoptosis (El Andaloussi et al. 2013). Whilst
exosomes, MVs and apoptotic bodies are essential for maintaining cell homeostasis and
communication, they are also implicated in a vast range of diseases. Exosomes are involved in
cancer (Ji et al. 2013, Greening et al. 2016), diseases of the CNS such as Parkinson’s (Kong et
al. 2014) and asthma (Sastre et al. 2017), MVs in CVD (Jansen et al. 2014), cancer (Al-Nedawi
et al. 2009) and lung epithelial inflammation (Lee et al. 2016) and apoptotic bodies in IBD (Araki
et al. 2010) and prostate cancer (Aihara et al. 1994).

Furthermore, TN-C has been previously demonstrated to present in exosomes isolated from
colorectal cancer cell lines (Ji et al. 2013), in TIMPless exosomes produced from cancer-
associated fibroblasts (Ferrari and Calvo 2014) and from malignant mesothelioma cell-derived
exosomes (Greening et al. 2016), with the theory that TN-C-rich EVs contribute to the

metastatic phenotype of these cells.
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1.4.2. EV Isolation and Characterisation

EV biology is a new and dynamic field that is constantly being revised as novel information is

being uncovered. As such, the standards and practices employed in this study affirm to the

current guidelines set out by the Journal of Extracellular Vesicles (Lotvall et al. 2014) and

responses from other scientists prominent in the field (Witwer et al. 2017). There are currently

four main established methods of EV isolation from blood, serum or supernatant, each that

come with their own advantages and disadvantages and are summarised in Table 1.4.

Table 1.4. EV Isolation Methods (Konoshenko et al. 2018)

Type of Isolation Description Advantages Disadvantages
Differential Exosome containing | Large yield, large | Purity is questionable,
Ultracentrifugation | liquid is differentially | sample capacity, | exosome damage
centrifuged four times, | reduced cost  (if | can occur, variability
with each pellet | ultracentrifuge is | in yield, poorer for EV
containing a different | already present) , no | characterisation,
fraction (described in | contamination  with | ultracentrifuge is
Figure 2.2.). other reagents, good | expensive if have to
for EV  functional | purchase.
assays.
Size Exclusion | Molecules, including EVs, | Higher purity than | Moderate purity
Chromatography | are separated by | ultracentrifugation, overall, shear stress
chromatography  based | good reproducibility. induces EV
on size deterioration,  small
yields and loss of
yields common,
needs dedicated
equipment.

Precipitation

Immunoaffinity

Capture

Addition of precipitation
reagents such as
Exoquick aim to pellet
exosomes only
Anti-epithelial cell
adhesion molecule-
coated magnetic beads
bind to exosomes and
‘capture’ them from the
suspension and can then

be eluted from the beads

Easy to use, large

sample capacity.

Highly purified.

Poor purity as other
proteins and

contaminants are co-

precipitated.
High cost, low
capacity and vyield,
hampers immune
recognition.

As with EV isolation, EV characterisation is also a complicated topic. Firstly, exosomes and MVs

have a size crossover, and thus a distinction between these two vesicle subsets cannot be
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determined by size analysis only. Furthermore, exosomes are composed of a number of
proteins, but specific exosome composition depends on a number of factors such as cell type
and disease setting, and so are said to be exosome enriched proteins, rather than markers.
MVs may also contain proteins that are present in exosomes and have no definitive markers,
thus it is difficult to definitively distinguish between the two subsets on protein composition
alone. It is therefore standard to characterise EVs by two methods, one that characterises by
size, and one that characterises by protein composition. EV characterisation methods are

summarised in Table 1.5.

Table 1.5. EV Characterisation (Szatanek et al. 2017)

Method Description Advantages Disadvantages
Nanoparticle Uses light | Accurate Groups vesicles into set
Tracking scattering and | measurement of the | nm sizes for ease of

Analysis (NTA) Brownian motion | concentration and | displaying the data,

to calculate EV | size of EVs, small | machines are expensive,

size in nm amounts of sample | time consuming
needed
Western Blot Detects  specific | Can detect specific | Cannot distinguish
protein presence | protein content, can | between membrane
in a EV | check for | associated and internal

suspension (e.g. | intracellular protein | proteins, limited amount
CD9) contamination of protein per sample can

be measured

Flow Cytometry | Fluorescently Large number of | Less accurate for
labelled proteins | proteins per sample | calculating size than NTA,
can be detected | can be measured, | larger sample size
and analysed by | can potentially | required,

using a laser to | distinguish between

emit light at | internal and
varying membrane
wavelengths. associated proteins

Vesicle size can

also be measured

Tunable Similar to NTA, | More accurate than | Very expensive, time
Resistive Pulse | but allows EVs | NTA at determining | consuming, larger amount
Sensing one at a time | EV size of sample required

through a nm
specific pore to

calculate size
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Figure 1.6. The Classification of Exosomes and MVs

The two main subsets of EVs are exosomes and MVs. Exosomes are between 30-120 nm in
size and originate from the endosomal pathway, where they fuse with the PM and are
released. ALIX, TSG-101, CD9, CD63 and flotillin-1 are all commonly accepted markers of
exosomes, which carry and deliver mMRNA, miRNA, proteins (including viral proteins), major
histocompatibility complex (MHC) and lipids to surrounding cells and tissues. MVs are
formed directly from the PM, where the vesicles form and bleb away from the membrane.
MVs range from 100-1000 nm in size and there are no commonly accepted markers,
although CD40-L is thought to be present. MVs have a similar role to exosomes, delivering
mMRNA, miRNA, proteins, lipids and receptors to surrounding cells during cell signalling and
homeostasis. Exosomes are implicated in cancer, CNS diseases, IBD and asthma, whereas
MVs are implicated in cardiovascular disease, cancer and lung epithelial inflammation.
Adapted from EI Andaloussi et al. 2013 and Raposo and Stoorvogel (2013)
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1.4.3. The Roles of EVs in Enterovirus Infection

It is clear that despite the extensive evidence uncovered from in vitro studies of RV replication,
there is still a lot of information left to uncover about the RV lifecycle. For example, despite viral
egress during in vitro RV infection inducing cell cytotoxicity through cell lysis, RV infection of the
AECs of patients in vivo does not always lead to loss of cell viability (Blaas and Fuchs 2016).
Further research into enteroviral infection has revealed EVs as a potential candidate in
facilitating this non-lytic viral spread (Robinson et al. 2014, Chen et al. 2015, Altan-Bonnet
2016). CVB infection of neural stem/progenitor cells and C2C12 myoblast cells induced the
release of fluorescently tagged viral proteins in EVs, and some of these EVs attached to
neighbouring uninfected cells. Furthermore, the EVs were found to harbour virus that had the
ability to be infectious (rather than non-infectious viral proteins), EV-associated CVB was more
infectious than non-EV-associated CVB, and transmission electron microscopy revealed an EV
size of between 100-150 nm, the size of exosomes / small MVs (Robinson et al. 2014). Another
study investigated both the efflux of poliovirus and CBV following infection of HelLa cells and it
was revealed that 7 hours post-poliovirus infection, 85% of viral capsid proteins had co-localised
with LC3-1l and been released non-lytically from cells within phosphatidylserine (PS) lipid
enriched vesicles (Chen et al. 2015). Interestingly, the vesicular size differed from the previous
study with a size of 250-350 nm, but this difference could be due to the different cell types
infected. Fluorescent microscopy revealed the presence of mature poliovirus and CVB viral
proteins following infection, as did analysis of the vesicles for the poliovirus VP2 protein by
western blot. Additionally, comparison of the infectivity of EV-associated poliovirus and non-EV-
associated poliovirus revealed that there was a 40% increase in viral proteins present in the cell
in response to EV-associated poliovirus infection. Finally, viral RNA was transferred into the cell
via EVs, suggesting that the virus had the ability to replicate inside the new target cell (Chen et
al. 2015).

Whilst investigated much less extensively than CVB and PV infection, the RV protein VP2 was
also demonstrated to be present (by western blot) in PS lipid enriched vesicles following 8 hours
RV infection of HelLa cells (Chen et al. 2015). As RV particles are approximately 30 nm in size
and EVs can range between 50-1000 nm, it is feasible that EVs theoretically can contain
hundreds of viral particles each (Altan-Bonnet 2016, Raab-Traub and Dittmer 2017). As EVs are
internalised and used to deliver contents to surrounding cells, hijacking of the host EV system

would be an effective transmission pathway.

1.4.4. The Roles of EVs in Asthma and Airway Inflammation

There is growing evidence that exosomes are a key player in airway inflammation and asthma
pathogenesis. A comparison of BALF taken from patients with mild allergic asthma or non-
asthmatic controls, revealed that exosomes from asthmatic patients had significantly increased
enzymes for LT biosynthesis (important in bronchoconstriction and mucus secretion), such as

LTA4;H (Paredes et al. 2012). Furthermore, in vivo mouse studies revealed that the BALF of
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Ova-sensitised mice contained significantly more exosomes than sham mice controls, and that
reduction of exosome secretion by the inhibitor GW4869 reduced airway hyperresponsiveness,
serum IgE levels and cytokines such as IL-4, IL-5 and IL-13 (Kulshreshtha et al. 2013). Another
study isolated and analysed exosomes obtained from the BALF of patients with mild asthma
and non-asthmatic controls, and revealed substantial differences in the miRNA profile of the
exosomes between the two groups, with 24 differentially regulated miRNAs identified (Levanen
et al. 2013). For example, there was a 1.9-fold increase in miR-200b in exosomes isolated from
asthmatic patients, which has been implicated in EMT (Gregory et al. 2008, Levanen et al.
2013). Furthermore, miR-let7b and miE-let7c regulate IL-13 expression (implicated in airway
inflammation, fibrosis and mucus metaplasia), and were both increased 1.5-fold in asthmatic
exosomes (Kumar et al. 2011, Levanen et al. 2013). Other miRNAs identified are involved in the
regulation of IL-10, CXCL8 and IL-6, as well as regulation of the MAPK/ERK and JAK-STAT
pathways, thus implicating exosomes in contributing to the upregulation of the inflammatory
signalling pathways in asthma. Infiltration of eosinophils in the lungs and the release of
eosinophilic inflammatory mediators occurs in the chronic phase of asthma pathogenesis, and
recent research has attributed roles for exosomes in these processes (Mazzeo et al. 2015). IFN-
y stimulation of eosinophils in vitro induced exosome production, and eosinophils from
asthmatic patients produced significantly more exosomes than healthy controls, suggesting that
eosinophils contribute to the production of pro-inflammatory exosomes in the lung (Mazzeo et
al. 2015). Furthermore, exosomes from the NLF of asthmatic patients contained increased
biologically active INOS (which is a vital enzyme upregulated during inflammation of the airway
epithelium) and MUC5B and MUC57 (vital proteins in mucus hypersecretion), as well as fillagrin

and hornerin (vital for the epithelium integrity and function; Lasser et al. 2016).

MVs have also recently been implicated in lung epithelial inflammation. Hyperoxia-induced
oxidative stress (an established model of lung injury in mice) induced MV release into the BALF
of mice and analysis of the MVs revealed that miR-320a and miR-221 were upregulated (Lee et
al. 2016). MVs isolated from mouse primary lung epithelial cells that were directly transfected
with miR-320a and 221 and then used to stimulate THP1 macrophages were found to induce
TNFa and MMP9 release and cell migration. Furthermore, BEAS-2B MVs isolated following
hyperoxia damage induced TNFa and IL-1B release in THP1 macrophages, as well as cell

migration (Lee et al. 2016).

The study of the effects of EVs on the pathogenesis of asthma is a dynamic field, with it
becoming clear that EVs, particularly exosomes, have an important role in potentiating airway
inflammation in asthmatic patients. Subtle changes to the miRNA profile and composition of
cargo within exosomes can lead to upregulation of inflammatory cytokines and inflammatory cell
chemotactic agents, as well as a decrease in proteins that protect airway epithelium cell
integrity. Exosomes, therefore, must be considered as a potential therapeutic target in the
treatment of asthma and airway inflammation, and the relationship between RV infection and

EVs needs to be investigated further.
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1.5. Project Aims

RV-induced exacerbations of asthma are poorly understood and further research is required to
elicit the underlying mechanisms in order to help combat this phenomenon. Furthermore, the
fact that 5-10% of patients with asthma have severe, untreatable asthma highlights the lack of
effectiveness of current asthma medication, and therefore there is a high priority need for the

development of new medicines for novel targets.

TN-C is an ECM protein that is already established in the pathogenesis of asthma, having an
integral role in the process of airway remodelling, with the thickness of TN-C correlating with the
severity of the disease. In diseases such as RA, TN-C is a DAMP, inducing inflammatory
cytokines (such as TNFa and IL-6), and a study of TN-C in a mouse model of asthma
highlighted that TN-C KO mice sensitised to Ova had reduced airway hyperresponsiveness
compared to WT sensitised mice. Despite this, there are no studies that have directly
investigated the inflammatory potential of human TN-C in the airway. TN-C has also previously
been shown to associate with HIV-1, reducing the infectivity of the virus, but there is no further
evidence of TN-C interacting or being involved with other types of viral infection. Furthermore,
despite the fact that RV induces cytokines vital in asthma pathogenesis such as TGF-31
(involved in airway remodelling) and TNFa (involved in inflammation), and that these cytokines
are known transcriptional regulators of TN-C, there has been a lack of research examining the
direct relationship between TN-C expression and RV infection in the airway. Currently, the only
indication of a relationship between TN-C and RV is from the Proud et al. (2008) study, which
indicated a 2.8-fold upregulation in TN-C mRNA expression in nasal scrapings taken from
adults infected with RV-16.

Furthermore, EVs and in particular exosomes are also known to contribute towards
inflammation in asthma, may be vital in the infectivity of RV and have been demonstrated to
contain TN-C in other diseases such as cancer. Despite this, there is no currently scant

information on the quantity, composition and function of AEC exosomes following RV infection.

My hypothesis is that RV infection of AECs induces the expression and release of TN-C. |
further hypothesise that the over-expression of this protein contributes towards the increased
inflammatory cytokine and chemokine released observed during RV-induced exacerbations of
asthma. Furthermore, | hypothesise that RV infection induces AEC exosomal release that has
the capacity to induce inflammation in the airway, due to RV-induced changes in exosomal

composition, such as TN-C.
This study will aim to answer 4 main questions:

e How is TN-C expression and release regulated by RV infection of AECs from both non-
asthmatic and asthmatic patients?
e What are the mechanisms behind RV-induced TN-C expression and release?

e Howis AEC EV release regulated by RV infection?
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e What is the role of TN-C and RV-induced EVs in the consequent inflammation and anti-

viral response?

The aims of this study will be answered by the following objectives:

e Measuring overall and splice specific TN-C mRNA and protein expression by gPCR and
western blot following RV infection of non-asthmatic and asthmatic AECs.

e Measuring overall and splice specific TN-C release by ELISA and western blot following
RV infection of non-asthmatic and asthmatic AECs.

e Investigating whether non-specific cell death can induce TN-C release in AECs

e Measuring EV concentration, size and protein composition (including TN-C) by western
blot and NTA analysis following viral stimulation of AECs

e Stimulation of AECs and macrophages with full length TN-C, TN-C-FBG and virally
stimulated EVs both high and low in TN-C expression.

The data generated will potentially provide evidence of a novel mechanism between TN-C
expression in the airway and RV infection. The study will also determine whether TN-C and RV
induced EVs have the capacity to induce inflammatory cytokine / chemokine release in the
airway, which would identify the protein or EV pathway as a future therapeutic target in the

treatment of asthma.
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Chapter 2: Materials and Methods

2.1. Materials
Table 2.1. Cells
Name (Supplier) Species / Disease Seeding Density | Doubling Time
State (x10%/ml) (Hours)
BEAS-2B Cells (ATCC) Human / Healthy 1.0-1.5 18-24
PBECs (ATCC) Human / Healthy 0.75-1 24-26
PBECs (Imperial College Human / Atopic a7
London) Asthmatic (AA) '
HeLa-Ohio (ATCC) Human / Healthy 0.05-0.5 23
Human Dermal Fibroblasts Human / Healthy 0.05-0.5 18-24
(ATCC)
Human Embryonic Kidney Human / Healthy 0.05-0.5 34
(HEK)-293:pCEP-huTNC-his
(University of Strasbourg)
Human Peripheral Blood Human / Healthy 0.3-1 18-22
Monocyte-Derived
Macrophages (MDMSs)
Table 2.2. Cell Culture (Non-Viral Work)
Name Composition (Supplier) Application
Fibroblast Culture Roswell Park Memorial Institute medium (RPMI; Fibroblast
Media Gibco), Supplemented with 10% Fetal Calf Serum Culture
(FCS; PromocCell),
HEK-293 Culture Dulbecco’s Modified Eagle Media (DMEM; Thermo HEK-293
Media Fisher Scientific), Supplemented with 10% FCS and Culture
2.5 pg/ml Puromycin (Sigma-Aldrich)
HEK-293 Collection DMEM and 2.5 pg/ml Puromycin HEK-293
Media Collection
MDM Culture Media | RPMI Supplemented with 3-5% FCS and 1% Penicillin- | MDM
Streptomycin (Pen-Strep; Sigma-Aldrich) Culture
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Table 2.3. Cell Culture Media (Viral Work)

Name Composition (Supplier) Application
BEAS-2B Complete | RPMI, Supplemented with 10% FCS and 1% Pen- BEAS-2B
Media / EV- Strep Cell Culture
Depleted Complete

Media*

BEAS-2B Basal RPMI, Supplemented with 2% FCS and 1% Pen-Strep | BEAS-2B

Media / EV-
Depleted BEAS-2B
Basal Media*

Serum Starve

PBEC Basal Media | Airway Epithelium Cell Basal Medium (PromoCell) PBEC Serum
Supplemented with 1% Pen-Strep Starve
PBEC Complete Airway Epithelium Cell Basal Medium Supplemented PBEC Cell
Media / EV- with 1% Pen-Strep, 0.004 ng/ml Bovine Pituitary Culture
Depleted PBEC Extract (PromoCell), 10 ng/ml Recombinant Human
Complete Media** EGF (PromoCell), 5 ug/ml Recombinant Human Insulin
(PromocCell), 0.5 pug/ml Hydrocortisone Epinephrine
(PromoCell), 6.7 ng/ml Triiodo-L-Thyronine
(PromocCell), 10 ug/ml Transferrin Holo (PromoCell)
and 0.1 ng/ml Retinoic Acid (PromoCell)
PBEC Recovery Airway Epithelium Cell Basal Medium Supplemented PBEC

Media / EV-

with 1% Pen-Strep, 10 ng/ml Recombinant Human

Culture After

Depleted PBEC EGF, 5 yg/ml Recombinant Human Insulin, 0.5 pg/mi RV Infection
Recovery Media** Hydrocortisone Epinephrine, 6.7 ng/ml Triiodo-L-

Thyronine 10 pg/ml, Transferrin Holo, and 0.1 ng/ml

Retinoic Acid (PromoCell).
HelLa-Ohio DMEM (Gibco) Supplemented with 10% FCS, 1% Pen- | HelLa Cell

Complete Media

Strep, 1% Non-Essential Amino Acids and 1% L-
Glutamine (Gibco).

Maintenance

HelLa-Ohio Infection
Media

DMEM, Supplemented with 2% Hepes, 1%
Bicarbonate (Gibco), 2% FCS and 1% Pen-Strep

HelLa Cell

Infection

* - Centrifuge and filter FCS prior to use (see Section 2.11.)

**. Centrifuge Media prior to use (see Section 2.11)
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Table 2.4a. Buffers

Name Composition (Supplier) Application
Enzyme-Linked 0.14 M NaCl (VWR), 2.7 mM KCI (Sigma-Aldrich), ELISA
Immunosorbent Assay | 1.5 mM KH,PO,4(BDH) and 8.1 mM Na,HPO,

(ELISA) Coating Buffer | (VWR)

(pH 7.2-7.4)

Cytokine / Chemokine | 0.5 M NaCl, 2.5 mM NaH,PO,4(VWR), 7.5 mM ELISA

ELISA Wash Buffer
(pH 7.2)

Na,HPO,, 0.1% Tween-20 (Fisher Scientific) and
pH to 7.2 with NaOH (Thermo Fisher Scientific)

Running Buffer 10x

30.3 g Tris/Trizma Base (Thermo Fisher Scientific),
144 g Glycine (Thermo Fisher Scientific), 10 g
Sodium Dodecyl Sulphate, (SDS; Sigma-Aldrich)
and 1 L H,O (MilliQ)

Western Blot

Running Buffer 1x

100 ml of 10x Stock and 900 ml H,O

Western Blot

Transfer Buffer 10x

29 g Tris/Trizma Base, 145 g Glycine and 1 L H,O

Western Blot

Transfer Buffer 1x

80 ml of 10x Stock, 200 ml Methanol (VWR) and
720 ml H,O

Western Blot

Phosphate Buffered
Saline (PBS)-0.1/
0.5% Tween-20

10 PBS Tablets (Oxoid), 1 L of H,O and 1 ml /5 ml
Tween-20

Western Blot

5% Bovine Serum
Albumin (BSA)/Tris
Buffered Saline (TBS)-
0.1% Tween-20

0.5 g BSA (Sigma-Aldrich), 50 ml TBS (Sigma-
Aldrich) and 1 ml Tween-20

Western Blot

Phosphatase Lysis
Buffer

50 mM Tris/Trizma Base, 1% Triton x-100 (Sigma-
Aldrich), 50 mM NaF (Sigma-Aldrich), 1 mM
Phenylmethylsulfonyl Fluoride (PMSF; Sigma-
Aldrich), 50 mM B-Glycerophosphate (Sigma-
Aldrich), 10 mM Sodium Orthovanadate (Sigma-
Aldrich) and 1% Protease Inhibitor (Calbiochem)

Harvesting

Protein

4x Sample Buffer

4% SDS, 0.1 M Dithiothreitol (Sigma-Aldrich), 20%
Glycerol (VWR), 0.0625 M Tris-Cl (Baxter), 0.004%
Bromophenol Blue (Baxter) and 2.175 ml H,0

Protein
Extraction &

Western Blot
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Table 2.4b. Buffers (continued)

Name Composition (Supplier) Application

3.8% 360 ml dH,0, 40 ml 10x PBS (Heat to Microscopy

Paraformaldehyde | Boiling) and 15.2 g PFA (Sigma-Aldrich;

(PFA) Adjust to pH 6.9)

0.2% Triton X-100 1x PBS and 0.2% Triton X-100 (VWR) Microscopy

Blocking Buffer 1x PBS, 5% Goat Serum (Sigma-Aldrich) Microscopy
and 1% BSA

4’,6-Diamino-2- 1x PBS, DAPI (1:200; Thermo Fisher Microscopy

Phenylindole Scientific) and 2% BSA

(DAPI)

Antibody Dilution 1x PBS and 1% BSA Microscopy

Buffer (ADB)

MTT 5 mg MTT (Thermo Fisher Scientific) in Cell Viability
PBS (Sterile and Filtered)

Solubilising 10% SDS and 0.01 M Hydrochloric Acid Cell Viability

Solution (Thermo Fisher Scientific)

2x Basic Buffer 500 mM Na Phosphate pH 7.4, 900 mM Purification

(BB) NaCl and 0.02% Tween

1x BB 500 ml 2x BB and 500 ml H,0 Purification

Washing Buffer 1x BB and 20 mM Imidazole pH 7.0 Purification
(Thermo Fisher Scientific)

Equilibration Buffer | 1x BB, 20 mM Imidazole pH 7.0 and 500 Purification

(EQB) mM Urea in H,0

Washing Buffer 100 ml Washing Buffer and 100 pl Triton- Purification

0.1% Triton-X114 X114 (Sigma-Aldrich)

Elution A 1x BB and 300 mM Imidazole pH 7.0 Purification

Elution B 1 x BB and 500 mM Imidazole 7.0 Purification

5 x Storage Buffer | 250 mM Boric Acid pH 8.0 (Sigma-Aldrich) | Purification
and 750 mM NaCl

10x TN Buffer 0.5 M Tris pH 8 and 1.5 M NacCl Purification

1 x TN Buffer 100 ml 10x TN Buffer and 900 ml H,0 Purification
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Table 2.5. SDS-Polyacrylamide Gel Electrophoresis (PAGE) Gels

Amount (ml) 10% Amount (ml) Amount
. Resolving Gel (15ml) | 6% Resolving (ml) 5%
Reagent (Supplier) _
Gel (15ml) Stacking
Gel
(4ml)
H,O (MilliQ) 5.9 7.9 2.7
30% Acrylamide Mix (GeneFlow) 5.0 3.0 0.67
1.5mM Tris (pH 8.8; Bio-Rad) 3.8 3.8 N/A
1.0mM Tris (pH 6.8; Bio-Rad) N/A N/A 0.5
SDS (Panreac) 0.15 0.15 0.04
10% Ammonium Persulfate (APS; 0.15 0.15 0.04
Fluka)
Tetramethylethylenediamine 0.006 0.012 0.004

(TEMED; Sigma Aldrich)
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Table 2.6. Commercially Available Kits

ELISA

(FNII-B) and Secondary Anti Mouse TN-C
Antibody (IBL)

Name Components (Supplier) Application
DNA-Free DNase 10x DNase | Buffer, rDNase |, DNase mMRNA
Treatment & Removal Inactivation Reagent (Ambion) Extraction
High Capacity 10x Reverse Transcriptase Buffer, 25x cDNA
Complementary Deoxyribonucleotide Triphosphate Mix Synthesis
Deoxyribonucleic Acid (100mM), 10x Reverse Transcriptase Random
(cDNA) Reverse Primers,
Transcription Kit . .

MultiScribe Reverse Transcriptase,

RNase Inhibitor, Nuclease-Free Water (Applied

Biosystems)
Quantitative PCR gPCR Master Mix (Eurogentec) TagMan RT-
(gPCR) 2x Master Mix gPCR
Plus
Power SYBR Green SYBR Green gPCR Master Mix (Thermo Fisher | SYBR Green
PCR Master Mix Scientific) RT-gPCR
Bicinchoninic Acid BCA Standard and Working Reagent (WR; Bio- | Protein
Assay (BCA) Rad) Concentration
ELISA Kit for TN-C (N- | ELISA Plate Coated with Anti-TN-C Antibody Overall TN-C
Terminal TN-C) and Secondary Anti Mouse TN-C Antibody ELISA

(Cloud Corp)
TN-C Large (FNIII-B) ELISA Plate Coated with Anti-TN-C Antibody FNIII-B ELISA

Limulus Amebocyte
Lysate (LAL) Test

LAL Standard, LAL Test Substrate and Stop

Solution (Lonza)

Test For LPS

Concentration
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Table 2.7. TagMan RT qPCR Primer Probes

Name Sequence 5’-3’ Supplier (Code)
Glyceraldehyde | ACTTTGGTATCGTGGAAGGAC Applied
Biosystems

3-Phosphate

Dehydrogenase (Hs02758991_g1)
(GAPDH)

Forward

GAPDH TGGTCGTTGAGGGCAATG Applied

Reverse Biosystems

(Hs02758991_g1)

TN-C Forward

GCAAATGGGTTCCTTCCCTGGCCGA

Applied
Biosystems

(Hs01115663_m1)

TN-C Reverse

AAGGATGTCTGGAGGCGAGGCGT

Applied
Biosystems

(Hs01115663_m1)
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Table 2.8. SYBR Green Primers

mRNA Primer Name Primer Sequence 5°-3’ Primer Product
Target Length | Size
(BP) (BP)

Al SG.SYBR-A1F GCCGAGAAAGGCAGACACAAG 21 92
SG.SYBR-A1R ACGGTGAGGTTTTCCAGCTCAG | 22

A2 SG.SYBR-A2F CCCAGAACCTCACCGTCCCA 20 105
SG.SYBR-A2R TGAAGTCCTGAGTGACCCCGC 21

A3 SG.SYBR-A3F GAGGCTCACAATCTCACGGT 20 80
SG.SYBR-A3R ACTGTGTAAGGAGTGCCAGC 20

A4 SG.SYBR-A4F ACAGCTGGGAGATTTAGCCG 20 108
SG.SYBR-A4R ACCTCCTGCACCTGAATGAC 20

B SG.SYBR-BF TGCTGAACGAACTGCCCATA 20 96
SG.SYBR-BR ATGGTTTTGGTCCGGATGCT 20

AD2 SG.SYBR-AD2F GTCCATCTCGTGGGAAGCTC 20 85

AD1 SG.SYBR-AD1F CACAGTTGGGCACGCTAATC 20 73
SG.SYBR-AD1R CCAGCTTGAGTGGTCCATGA 20

C SG.SYBR-CF AGTTTCCTGGATGGCATCGG 20 72
SG.SYBR-CR AGCAGCTTCCCAGAATCCAC 20

D SG.SYBR-DF AGCTGATGAAGGGGTCTTCG 20 94
SG.SYBR-DR TTCGGGGGCAAGTAGGGTTA 20

7-8 SG.SYBR-Fn7,8F CCCCAGAAGAGCTCAACCAT 20 99
SG.SYBR-Fn7,8R AAGGAGGGCAGTTTCCGACT 20

GAPDH | SG.SYBR-GAPDHf | ATCCCTGAGCTGAACGGGAA 20 89
SG.SYBR-GAPDHr | TCTAGACGGCAGGTCAGGTC 20
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Table 2.9a. ELISA and Western Blot Antibodies

Name Isotype Experim | Supplier (Code)
ent

Capture Antibody, Anti-Human Mouse 1gG; ELISA R&D Systems
CXCL8 (MAB208)
Detection Antibody, Anti-Human | Biotinylated Goat IgG ELISA R&D Systems
CXCL8 (BAF208)
Capture Antibody, Anti-Human Mouse 1gG; ELISA R&D Systems
CCL5 (MAB678)
Detection Antibody, Anti-Human | Biotinylated Goat IgG ELISA R&D Systems
CCL5 (BAF278)
Capture Antibody, Anti Human Mouse IgG; ELISA R&D Systems
IL-6 (MAB206)
Detection Antibody, Anti Human | Biotinylated Goat IgG ELISA R&D Systems
IL-6 (BAF206)
Capture Antibody, Anti Human Mouse 1gG; ELISA R&D Systems
TNFa (MABG610)
Detection Antibody, Anti Human | Biotinylated Goat IgG ELISA R&D Systems
TNFa (BAF210)
B-actin Primary Antibody Rabbit (Affinity Western | Sigma-Aldrich

Isolated) Blot (A2066)
Anti-Human TN-C N-Terminal Mouse IgG; Western | Millipore
Region Monoclonal Antibody Blot (MAB1908)
Anti-Mouse TN-C Antibody Rabbit (Affinity Western | Abcam (Ab108930)

Isolated) Blot
Anti-Rabbit Secondary Antibody | Polyclonal Goat Anti- Western | Dako (P0449)

Rabbit 1g/ Blot

Horseradish-

Peroxidase (HRP)
Anti-Mouse Secondary Antibody | Polyclonal Goat Anti- Western | Dako (P0447)

Mouse Ig/ HRP Blot
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Table 2.9b. ELISA and Western Blot Antibodies (Continued)

Name

Isotype

Experiment

Supplier (Code)

Anti-Fibronectin Antibody

Polyclonal Rabbit | Western

Abcam (ab2413)

Blot
Anti-CD9 Antibody (C-4) Mouse IgG; Western Santa-Cruz (sc-
Blot 13118)

Anti-Flotillin-1 Antibody

Polyclonal Rabbit | Western

Blot

Abcam (ab41927)

Anti-GAPDH Antibody

Polyclonal Rabbit | Western

Abcam (abh9485)

Blot
Anti-KDEL Antibody (Glucose Monoclonal Western Abcam (ab12223)
Regulated Protein 94; GRP94) Mouse Blot
Table 2.9c. Immunofluorescence Antibodies

Name Isotype Supplier

(Code)
Anti-TN-C Antibody Mouse IgG; (Clone BC-24) | Sigma-Aldrich
(EGF-Like) (T2551)
Anti-Fibronectin Polyclonal Rabbit Sigma-Aldrich
Antibody (F3648)
Anti-Mouse Polyclonal Goat Thermo Fisher
Secondary Antibody Scientific (A-
Alexa Fluor 488 11001)

Anti-Rabbit Polyclonal Goat Thermo Fisher
Secondary Antibody Scientific (A-
Alexa Fluor 568 11011)
Anti-Neutrophil Rat Monoclonal Abcam
Antibody (NIMP-R14) (ab2557)
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Table 2.10a. Machines (University of Sheffield)

Name Supplier Application
Nano-Drop ND100 Lab Tech MRNA Quantification
Spectrophotometer

PTC-200 Peltier Thermal | MJ Research cDNA Synthesis
Cycler

7900HT Fast RT-PCR Applied RT-gPCR

System Biosystems

Chemidoc XRS+ Bio-Rad Western Blot Imaging
Machine

Plate Washer Lab Tech Wash ELISA Plate

MultiSkan Ex Plate

Reader

Thermo Fisher

Scientific

Optical Density Reader for
ELISA and Cell Viability Assays

ZetaView NTA

Particle Metrix

NTA of EVs
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Table 2.10b. Machines (University of Oxford)

Name

Supplier

Application

Nano-Drop ND100

Spectrophotometer

Lab Tech

MRNA Quantification

ViiA 7 RT-PCR System

Thermo Fisher Scientific

RT-gPCR and SYBR Green
gPCR

G:BOX Chemi XX6

Syngene

Western Blot Imaging

Varioskan LUX

Thermo Fisher Scientific

Optical Density Reader for

Multimode Reader ELISA, Cell Viability Assays

and BCA
NanoSight NTA Malvern Instruments NTA of EVs
Machine
BX51 Fluorescent Olympus Immunofluorescence
Microscope Microscopy
FV-1200 Confocal With | Olympus Immunofluorescence
Imaris Software Confocal Microscopy
CKX41 Microscope Olympus Cell Culture Images
with U-TVO-5XC-3
Lens
J-1110 Circular Jasco Measure Folding of Protein
Dichroism
Spectrophotometer

2.2. Cell Maintenance

2.2.1. BEAS-2B Cell Line Culture

BEAS-2Bs are lung bronchial epithelial cells that are isolated from healthy volunteers and
immortalised by transformation with an AD12-SV40 virus. They have been established by the
supplier to undergo squamous differentiation, be suitable for screening biological agents and
pathogenic infection, are able to form colonies and are not tumorigenic. They have been
established in our lab for over a decade, with published material demonstrating that RV viral
replication and response to infection (determined by CXCLS8 release) is similar between the cell
line and PBECs (Stokes et al. 2016). They are therefore deemed to be a suitable cell model for

use in preliminary experiments, before transitioning into primary cells. They are more robust
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than PBECs, with a quicker doubling time, and this allowed efficient optimisation of the RV MOI

required to investigate the experimental aims (such as TN-C expression).

BEAS-2B lung epithelial cells (Table 2.1.) were maintained in 75 cm? flasks (Thermo Fisher
Scientific) in BEAS-2B Complete Media (Table 2.3.) at 37°C and 5% CO,. The cells were
maintained by replacing Complete Media every 3-4 days and the cells were passaged when the
cells had reached 80-90% confluency with cell dissociation fluid (Sigma-Aldrich). Cells were
plated for stimulation or infection (Section 2.4.) in 12 or 96 well plates (Corning) after passage 6,

and the flask was passaged until passage 16.

2.2.2. PBEC Culture

PBECs are primary bronchial epithelial cells taken from healthy volunteers by bronchoscopy
and are batch specific for age and gender. They have a packed cuboidal morphology, are
adherent, and are suitable for viral infection, as determined by the supplier and our previous
work (Stokes et al. 2016). Both PBECs and BEAS-2B’s were grown in submerged cultures, with

the advantages and disadvantages of this described in Section 6.2.

PBECs (Table 2.1.) isolated from healthy volunteers were purchased from the manufacturer and
then grown and maintained in 75 cm? flasks in PBEC Complete Media (Table 2.3.) at 37°C and
5% CO,. Every 2-3 days the media was removed and replaced with fresh Complete Media. The
cells were passaged every 7-9 days when the cells had reached 80-90% confluency by first
washing with PBS (Table 2.4a.) and Hepes, then adding 2 ml of Trypsin-EDTA (PromoCell) for
detachment. The cells were then seeded in a new flask with Complete Media at the required
density. At passage 5 or 6 the cells were seeded on 12 well or 96 well plates, stored in an
incubator (37°C and 5% CO,) and then stimulated or infected (Section 2.4.). Images of BEAS-
2B and PBECs in culture are displayed in Figure 2.1.

2.2.3. HeLa-Ohio Cell Line Culture

HeLa-Ohio cells (Table 2.1.) were maintained in 75 cm? flasks in HeLa-Ohio Complete Media
(Table 2.3.) at 37°C and 5% CO,. The cells were maintained by replacing the Complete Media
every 3-4 days and cells were passaged when the cells had reached 80-90% confluency with

cell dissociation fluid (Sigma-Aldrich).

2.2.4. HEK-293:pCEP-huTNC-his Cell Culture

HEK-293 cells transfected with the cDNA encoding human tenascin-C (HxBL.pBS)
encompassing all alternative FNIIlI repeats, sub-cloned into the pCEP-Pu vector with a
polyhistidine (his)-tag (HEK-293:pCEP-huTNC-his cells; Table 2.1.) was acquired from the
University of Strasbourg (Lange et al, 2017). The cells were maintained in 75 cm? flasks in HEK-
293 Culture Media (Table 2.2.) at 37°C and 5% CO,.
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Figure 2.1. Images of BEAS-2B Cells and PBECs in Culture

BEAS-2B cells and PBECs were seeded at the 1x10° and 0.75x10° respectively in BEAS-
2B Complete Media and PBEC Complete Media and left to grow to confluency. Cell

cultures were imaged (40x magnification) with an Olympus U-TVO-5XC-3 Lens (Olympus
CKX41 microscope).
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2.2.5. Human Dermal Fibroblast Cell Culture

Human Dermal Fibroblasts (Table 2.1.) were purchased and then grown and maintained in 75
cm? flasks in Fibroblast Cell Culture Media (Table 2.2.) at 37°C and 5% CO,. The cells were
maintained by replacing Fibroblast Cell Culture Media every 3-4 days and the cells were
passaged when the cells had reached 80-90% confluency by Trypsin-EDTA treatment and

seeded at 40,000 cells per ml onto coverslips when required.

2.2.6. MDMs Cell Culture

All blood from healthy volunteers was taken by a trained phlebotomist with written informed
consent, under a protocol approved by the South Yorkshire Research Ethics Committee
(reference number: 05/Q2305/4). Monocytes were then isolated from peripheral blood by Ficoll
gradient and counterflow centrifugation. One million monocytes per ml were then plated in
MDMs Culture Media (Table 2.2.) and differentiated into MDMs (Table 2.1.) for 7 days by
stimulation with 100 ng/ml macrophage colony-stimulating factor (M-CSF). MDMs were then

plated at 100,000 cells/well in 96 well plates for 24 hours before stimulation.

2.3. Viral Culture

2.3.1. Viral Propagation

RV serotypes 1B and 16 (ATTC) were cultured in the HeLa-Ohio cell line in 175 cm? flasks. The
HeLa-Ohio Complete Media (Table 2.3.) was removed and the cells were washed twice in 10 ml
of HeLa-Ohio Infection Media (Table 2.3.). 5 ml of the virus was added per flask and placed in
the incubator (37°C and 5% CO2) for an hour with a gentle rotation every 15 minutes. A further
12.5 ml of Infection Media was then added per flask and this was placed in the viral incubator
overnight at 37°C & 5% CO, (by at which point 90% cytopathic effect should be observed). The
cells were freeze-thawed (defrosted in incubator and frozen at -80°C for an hour) 3 times and
then centrifuged at 4000 relative centrifugal force (rcf) for 15 minutes. The supernatant was then
placed into a syringe and filtered 0.2 pm filter (Millipore) into Falcon tubes (Sarstedt) where it

was stored at -80°C.

2.3.2. Viral Titration and Quantification

Titration of the virus was carried out. 200 pl of virus was used to create a serial dilution from 107
to 10™. 50 pl of this was then added to the appropriate wells in a 96 well plate, with 50 pl virus
added directly to the no dilution wells. Control wells were included which was media only. HeLa-
Ohio cells were dissociated, split, re-suspended in HeLa-Ohio Infection Media and seeded at
required density. 150 pl of cells were then added to each well of the viral titration plate and
incubated in the viral incubator at 37°C & 5% CO, for 4-5 days. The cytopathic effect was then

determined and the TCIDso was determined using the Spearman Karber Formula:
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=xk +d [0.5 - (1/n) (N]

xk = dose of the highest dilution.

r = sum of the number of wells that have cell death

d = spacing between dilutions.

n = wells per dilution

Next, plaque forming units (PFU) was calculated (0.7 x TCIDsp) and then finally, multiplicity of
infection (MOI) could be calculated (PFU + number of cells). BEAS-2Bs and PBECs were
infected with RV-1B and RV-16 at multiple MOls (such as 5, 3, 1.5 and 0.6) and suitable MOls
that induced cytokine release but did not promote large amounts of cell death were used in this

study.

2.4. Stimulation and Infection of AECs

2.4.1. Stimulation of AECs

2.4.1.1. Polyinosinic:Polycytidylic Acid (Poly(l:C)) Stimulation

Poly(l:C) stimulation was used for TLR3 stimulation of AECs. For poly(l:C) stimulation of BEAS-
2B cells, the cells were serum starved overnight (in 12 well plates) before stimulation by
removing BEAS-2B Complete Media and replacing with 1 ml of BEAS-2B Basal Media (Table
2.3.) per well. At time of stimulation, the media was removed, then 1 ml of fresh Basal Media
was added to the control wells and 990 ul was added to the stimulated cells. 10 pl of 25 pg/mi
poly(l:C) (Invivogen) was added to the media in the wells of the stimulated cells and the cells
were placed in the incubator at 37°C & 5% CO,. For poly(l:C) stimulation of PBECs, the same
protocol as for stimulation of BEAS-2B cells was carried out, with the only difference being cells
were removed from PBEC Complete Media and placed in PBEC Basal Media (Table 2.3.)

before stimulation.

2.4.1.2. TNFa Stimulation

TNFa stimulation was used as a positive control for TN-C expression, as TNFa is a
transcriptional regulator of TN-C. For TNFa stimulation of BEAS-2B cells, the cells were serum
starved overnight (in 12 well plates) before stimulation by removing BEAS-2B Complete Media
and replacing with 1 ml of BEAS-2B Basal Media per well. At time of stimulation, the media was
removed, replaced with 1 ml of fresh Basal Media and 100 ng/ml TNFa (Invivogen) was added.
For TNFa stimulation of PBECs, the same protocol as for stimulation of BEAS-2B cells was
carried out with the only difference being cells were removed from PBEC Complete Media and

placed in PBEC Basal Media before stimulation.

2.4.1.3. Gardiquimod Stimulation

Gardiquimod stimulation was used for TLR7 stimulation of AECs. For gardiquimod stimulation of

BEAS-2B cells, the cells were serum starved overnight (in 12 well plates) before stimulation by
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removing BEAS-2B Complete Media and replacing with 1 ml of BEAS-2B Basal Media per well.
At time of stimulation, the media was removed, then 1 ml of fresh Basal Media was added to the
control wells and 990 ul was added to the stimulated cells. 10 pl of 1 pg/ml gardiquimod
(Invivogen) was added to the media in the wells of the stimulated cells and the cells were
placed in the incubator at 37°C & 5% CO,. For gardiquimod stimulation of PBECs, the same
protocol as for stimulation of BEAS-2B cells was carried out, with the only difference being cells
were removed from PBEC Complete Media and placed in PBEC Basal Media (Table 2.3.)

before stimulation.

2.4.1.4. Staurosporine Stimulation

Staurosporine was used to induce apoptosis in AECs and thus was used as a positive control
for cell death, For staurosporine stimulation of BEAS-2B cells, the cells were serum starved
overnight (in 12 well plates) before stimulation by removing BEAS-2B Complete Media and
replacing with 1 ml of BEAS-2B Basal Media per well. At time of stimulation, the media was
removed, then 1 ml of fresh Basal Media was added to the control wells and 998 ul was added
to the stimulated cells. 4.6 pg/ml staurosporine (Sigma-Aldrich) was added to the media in the
wells of the stimulated cells and the cells were placed in the incubator at 37°C & 5% CO,. For
staurosporine stimulation of PBECs, the same protocol as for stimulation of BEAS-2B cells was
carried out, with the only difference being cells were removed from PBEC Complete Media and
placed in PBEC Basal Media (Table 2.3.) before stimulation.

2.4.1.5. LPS Stimulation

LPS stimulation was used as a positive control for TLR4 stimulation. For LPS stimulation of
BEAS-2B cells, the cells were serum starved overnight (in 96 well plates) before stimulation by
removing BEAS-2B Complete media and replacing with 1 ml of BEAS-2B Basal Media per well.
At time of stimulation, the media was removed, replaced with 1 ml of fresh Basal Media and 0.1-
10 pg/ml LPS strain 0111:B4 (smooth serotype; Sigma-Aldrich) or EH100 (rough strain; Enzo
Life Sciences) was added. The LPS was vortexed for 3-5 minutes before use. 15 ug/mi
Polymyxin B (PMB; Sigma-Aldrich) was also added to some wells prior to LPS stimulation as an

inhibitor of LPS and a negative control.

2.4.2. RV Infection of AECs

For RV infection of BEAS-2B cells, the cells were serum starved overnight (in 12 well plates)
before infection by removing BEAS-2B Complete Media and replacing with 1 ml of BEAS-2B
Basal Media per well. At time of infection, the media was removed and 250 pl of BEAS-2B
Basal Media was added to the control wells and 250 pl of RV-1B or RV-16 (multiplicity of
infection of either 0.6 or 1.5) was added to the wells to be infected. The plate was placed in the
viral incubator at 37°C & 5% CO, for an hour (plate rotated every 15 minutes) and after an hour
the media from the wells was removed. The cells were washed twice in 1 ml of PBS to remove
excess bound RV, then 1 ml of BEAS-2B Complete Media was added to each well and the cells

were stored in the viral incubator 37°C & 5% CO..
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For RV infection of PBECs, the same protocol as for infection of BEAS-2B cells was carried out,
with the only difference being cells were removed from PBEC Complete Media, placed in PBEC

Basal Media before infection and placed in PBEC Recovery Media (Table 2.3.) after infection.

2.5. Harvesting Supernatant, mRNA and Protein

To collect supernatant, the cells were removed from the incubator at the required time point and
placed on ice. The supernatant was collected and placed in an Eppendorf (Sarstedt) before
being centrifuged (Sigma-Aldrich) at 1,000 rcf for 2-3 minutes. The supernatant was then placed

in a new Eppendorf and stored at -80°C.

To collect mMRNA, the media was removed from the well and 1 ml of Tri-Reagent (Sigma-
Aldrich) was added. The well was then scraped and the Tri-Reagent was pipetted up and down

3 times. The Tri-Reagent was then removed, placed in an Eppendorf and stored at -80°C.

To collect protein, 75 ul of Phosphate Lysis Buffer (Table 2.4a.) was added to each well and left
for 15 minutes. The well was then scraped with a pipette tip and the lysate collected and placed
in an Eppendorf. The samples were centrifuged at 9,000 rcf for 1 minute and the supernatant
was then transferred to another tube. 25 pl of 4x Sample Buffer (Table 2.4a.) was then added to

each of the samples and stored at -80°C.

2.6. Obtaining External Asthmatic Samples and Mouse BALF

2.6.1. External Asthmatic Samples

PBECs from atopic-asthmatic (AA) and non-atopic non-asthmatic (NANA) patients were
obtained by collaboration with Dr Mike Edwards from Imperial College London. Bronchoscopy
was performed on AA and NANA patients as part of the ALLIANCE study (following the correct
ethics and approval codes and practices), and PBECs were obtained, plated in PBEC Complete
Media and grown to confluence. The PBECs were then infected with RV-1B and RV-16 at
Imperial College London as per Section 2.4.2. and mRNA and supernatant was collected as per
Section 2.5. Further analysis by gPCR (Section 2.7) and western blot (Section 2.8) was then
carried out by Jake Mills at the University of Sheffield.

2.6.2. Mouse BALF Samples and Neutrophil Counts

The mouse work involved in this study had ethical approval and was licensed and regulated by
the Home Office under the Animals (Scientific Procedures) Act 1986. The University of Sheffield
also abides by the Concordat on Openness in Animal Research and Animal Research:
Reporting of In Vivo Experiments guidelines, developed as part of a National Centre for the
Replacement, Refinement and Reduction of Animals in Research initiative. All mouse breeding,
handling, stimulation, culling and sample collection was carried out by Dr Elizabeth Marsh and
Dr Helen Marriott in the Animal Research Department at the University of Sheffield (project
license code 40/3726 and establishment license code 50/2509). Under sedation, adult C57BL/6
WT mice were stimulated intranasally with either 50 pl sterile PBS or 100 pg poly(I:C) in 50 pl
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PBS for up to 48 hours (n=3 for PBS controls and 6-7 for Poly(I:C) stimulation). At time of
collection, the mice were culled and BALF fluid was collected by lavaging the mouse lungs 3
times with 1 ml sterile PBS. Next, neutrophils were isolated by dextran (Sigma-Aldrich)
sedimentation and Ficoll (Sigma-Aldrich)-density gradient separation, concentrated by cytospin
(Thermo Fisher), before being added to sterile slides coated in fibrinogen (Sigma). The cells
were then stained with NIMP-R14 (Abcam) and counted by immunofluorescence microscopy.
BALF samples were then analysed KC and CCL5 by ELISA (Section 2.10). Cytokine and
chemokine ELISAs and neutrophils counts were carried out by Dr Elizabeth Marsh and western
blot (Section 2.8) analysis for TN-C was then carried out by Jake Mills at the University of
Sheffield.

2.7. RT-gPCR

2.7.1. mRNA Extraction

The mRNA samples were removed from the -80°C freezer and defrosted. 0.2 ml of Chloroform
(Sigma-Aldrich) was added to the samples and shaken vigorously for 15 seconds, before
standing at room temperature (RT) for 10 minutes. The samples were then centrifuged at
12,000 rcf for 15 minutes at 4°C in the temperature controlled centrifuge (Phillip Harris). The
aqueous phase of the sample was then transferred to a fresh Eppendorf tube. 0.5 mi
Isopropanol (Fisher Scientific) was added to the aqueous phase before being mixed and left to
stand for 10 minutes at RT. The samples were then centrifuged at 12,000 rcf for 10 minutes at
4°C and the supernatant carefully removed and discarded. The pellet was then washed in 75%
Ethanol (Fisher Scientific) and centrifuged at 7,500 rcf for 5 minutes at 4°C. The supernatant
was next removed and discarded; the pellets were left to air dry for around 15-25 minutes (until
the pellet was glassy) and then 20 pl of sterile water for injections (B Braun) was added to each
sample. 10x DNase | Buffer and rDNase | from DNA-Free™ DNase Treatment & Removal kit
(Table 2.6.) was added to the RNA and mixed gently, before being incubated at 37°C for 20-30
minutes. DNase Inactivation Reagent (from DNA-Free™ DNase Treatment & Removal Kit) was
then added, mixed well and left for 2 minutes at RT. Finally, the samples were centrifuged at

10,000 rcf for 90 seconds, transferred to fresh tubes and stored at -80°C.

2.7.2. Quantification of mMRNA

The Nano-Drop ND100 Spectrophotometer (Table 2.10a. and b.) was blanked and prepared for
qguantification of RNA as per manufacturer’s instructions. 1 pl of sample was added to the
ND100 Spectrophotometer, and the ng/ul, 260/280 and 260/230 readings were noted.

2.7.3. cDNA Synthesis

The High Capacity cDNA Reverse Transcription Kit (Table 2.6.) was made up as follows in
Table 2.11. The volume of sample required for 500 ug of MRNA was combined with water to

make up 20 pl, before being combined with the amounts in the table below.
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Table 2.11. Reagents Required for cDNA Synthesis

Component Volume  Per
Sample (pl)
10x Reverse Transcriptase Buffer 4

25x Deoxyribonucleotide Triphosphate Mix | 1.6
(200mM)

10x Reverse Transcriptase Random Primers | 4

MultiScribe Reverse Transcriptase 2
RNase Inhibitor 2
Nuclease-Free Water 6.4
Template RNA 20

A control with no enzyme present (MultiScribe negative control) and a control with no sample
present (sample negative control) was also made up. The samples were analysed on the PCR

machine (Peltier ThermoCycle) using the following protocol:

e 25°C for 10 minutes
e 37°C for 2 hours

e 85°C for 5 minutes

The samples were then stored at -80°C.

2.7.4. Standard Creation for TagMan and SYBR Green qPCR

cDNA created from the FBG domain of the TN-C incorporated into a Pet32B vector was used
for the TN-C standard. The following calculation was carried out to calculate the number of

copies of cDNA per pl:
Number of copies = (amount x 6.022x10?%) + (length x 1x10° x 650)

The amount was 297 ng/pl and the length was 6586 so the cDNA had 4.18x10"° copies per pl.

Separate standard curve (SC) dilutions were made, one for GAPDH (control) and one for TN-C.
The GAPDH standard curve was a 1:10 dilution from 10° to 10° (actual amount varied between
standards used) and the TN-C SC was a 1:10 SC dilution from 4.18x10%to 4.18x10°.
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2.7.5. TagMan Sample Creation and Plate Loading

The amount of cDNA-TagMan Master Mix Sample (Table 2.6.) needed was next calculated
(Table 2.12).

Table 2.12. Composition of TagMan qgPCR cDNA Samples

Reagent Amount per Sample (pl)
Primer/Probes (Table 2.7.) 1

gPCR 2x Master Mix (Table 2.6.) 10

H,O 8

Standard (Applied Biosciences) or Sample 1

Total 20

Next two controls were made up, an enzyme negative sample (19 pl of Master Mix & 1 pl of
enzyme negative sample) and a water negative sample (19 ul Master Mix & 1 pl of water
sample). The plate was then loaded with the samples, sealed tightly, centrifuged for 2 minutes
at 8,900 rcf and placed on the 7900HT Fast RT-gPCR machine (Table 2.10a.) using the

following protocol:

e 50°C for 2 minutes
e 95°C for 10 minutes
e 95°C for 15 seconds*

e 60°C for 1 minute*

*for 40 cycles

2.7.6. SYBR Sample Creation and Plate Loading

The amount of cDNA-SYBR Green Master Mix Sample (Table 2.6.) needed for each FNIII

domain was next calculated (Table 2.13).
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Table 2.13. Composition of SYBR Green gPCR cDNA Samples

Reagent Amount Per Sample (pl)

FNIIl Domain Forward and Reverse Primers (Table 2.8.) | 1 (of each; Diluted 1:10 in H,0)

SYBR Green Master Mix (Table 2.6.) 5
Standard (Applied Biosciences) or Sample 3 (Diluted 1:10 in H,0)
Total 9

Next, a sample negative control for each FNIII domain was created and loaded onto the plate.
The plate was then loaded with the samples, sealed tightly, centrifuged for 2 minutes at 8,900

rcf and placed on the ViiA 7 RT-PCR System (Table 2.10b.) using the following protocol:

e 50°C for 2 minutes
e 95°C for 10 minutes
e 95°C for 15 seconds*

e 60°C for 1 minute*

*for 40 cycles

2.8. Western Blot

2.8.1. Making Gels

The SDS-PAGE gel apparatus was assembled according to the manufacturers (Bio-Rad)
instructions. 10% and 6% resolving gel mixes were created (Table 2.5.), 10% gels were
required for the B-actin, and 6% for TN-C. The running gel was loaded to around 1-2 cm from
the top of the glass mould, and the 5% stacking gel was created (Table 2.5). The stacking gel
was added to the top of the mould followed by a 10 or 15 well comb. After allowing 15 minutes
for the gel to set, the gel was placed in the Mini Protean Tetra Cell running chamber (Bio-Rad)
with the required amount of 1x Running Buffer (Table 2.4a.) derived from 10x Running Buffer
(Table 2.4a.).

2.8.2. Processing and Loading Samples
For supernatant western blots, 5 ul of Sample Buffer was added to the 15 ul of cell free
supernatant before the samples were boiled for 5 minutes at 97°C in the heating block. For

protein lysate western blots, the collected protein samples (Section 2.5.1.) were boiled for 5

minutes at 97°C in the heating block.
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5 ul of Blue Protein Ladder (New England Biolabs) was added to the first well in the gel (left
hand side) and then 10 pl of the protein samples or 20 ul of the supernatant sample was added
to the following wells. The gel was run at 100 Volts (V) through the stacking gel and then

increased to 200 V to allow full separation of the proteins to occur.

2.8.3. Transfer of Protein

Filter paper (4 per gel; Whatman) and nitrocellulose membrane (1 per gel; Pall Life Sciences)
were soaked in 1x Transfer Buffer (Table 2.4a.) derived from 10x Transfer Buffer (Table 2.4a.)
for 5 minutes, along with sponges (2 per gel). The transfer cassette (Bio-Rad) was assembled
as per manufacturer’s instructions and was then loaded into the transfer tank alongside an
icepack and ran at 100 V for 70 minutes. After the time elapsed, the nitrocellulose membrane
was covered with Ponceau Stain (Sigma-Aldrich) to check the quality of the transfer. The
Ponceau was then washed off with PBS-0.1% Tween-20 (Table 2.4a.; Fisher Scientific) and
blocked for an hour in 5% Milk / PBS-01% Tween (Table 2.4a.) at RT on the shaking platform.

2.8.4. Addition of Antibodies

After an hour the primary antibodies were added to the blots in Falcon tubes. The B-actin
antibody (10% gel; Table 2.9a.) was added to 5% Milk / PBS-01% Tween at a 0.08 pg/ml and
the TN-C antibody (6% gel; Table 2.9a.) was added to 5% BSA / TBS-0.1% Tween at 1 ug/ml.

These were then placed on a shaking platform overnight at 4°C.

The blots were rinsed 3 times in PBS-0.1% Tween for 10 minutes. Then the secondary antibody
was added to the blots and incubated on a plate shaker for one hour. For B-actin this was
Polyclonal Goat Anti-Rabbit Ig / HRP (Table 2.9a.) and for TN-C this was Polyclonal Goat Anti-
Mouse Ig / HRP (Table 2.9a.) at 0.025 pg/ml.

2.8.5. Imaging Blot

The blots were again rinsed 3 times in PBS-0.1% Tween for 10 minutes and then 2.5 ml of both
Clarity Western Enhanced Chemiluminescence Substrate (Bio-Rad) A and B was added to the
blots and incubated for 5 minutes. The blot was then imaged via the Image Lab Software on the
Chemidoc XRS+ machine (Table 2.10a.) or G:BOX Chemi XX6 (Table 2.10b.).

2.8.6. Calculating Protein Densitometry
To calculate protein densitometry, ImageJ software v1.48 was used. When calculating the
overall TN-C expression, densitometry was performed on the dominantly expressed band,

which was the ~250 kDa in the mouse samples, and the larger >250 kDa in the human

samples.
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2.9. Immunofluorescence Microscopy

2.9.1. Immunofluorescence Staining

First, 18 mm circular coverslips were autoclaved and washed in ethanol (R&D) before placing in
a 12 well plate. Cells were plated as required and placed in the incubator at 4°C and 5% CO,
until confluent. The cells were then stimulated or infected (Section 2.4) for the desired time and
human dermal fibroblasts were used for positive controls, cultured onto coverslips for 24 hours
prior to staining. Next, the coverslips were removed and rinsed in 1x PBS twice, before the cells
were fixed in 0.5 ml 3.8% PFA (Table 2.4b.) for 15 minutes. The fixative was aspirated before
the cover slip was washed four times in 1 ml of 1x PBS. For samples that required intracellular
antibody staining, the cells were permeabilised by the addition of 0.5 ml 0.2% Triton X-100
(Table 2.4b) for 10 minutes at RT. Next the coverslips were placed (cell side up) on parafiim
inside a plastic tray, and 200 ul blocking buffer was added (Table 2.4b.) for 1 hour at room

temperature.

The blocking buffer was aspirated and 150 pl of the relevant primary antibody (1:500 for TN-C
and 1:200 for FN; Table 2.9b.) in ADB (Table 2.4b) was added and incubated for 2 hours at RT,
free from light. A no primary antibody control was also created by incubating coverslips
containing cells in ADB alone with no primary antibody. Next the coverslips were washed in 1x
PBS-0.5% Tween-20 five times, and excess water was blotted away with tissue. Anti-Mouse
Secondary Antibody Alexa Fluor 488 was added to TN-C stained samples or Anti-Rabbit
Secondary Antibody Alexa Fluor 568 was added to FN stained samples (Table 2.9b.), and
incubate for 1 hour at RT, free from light. Cells were washed in 1xPBS-Tween20 as previously
described and once in distilled water, and remaining liquid was blotted away. One drop (5-15ul)
of ProLong Gold Antifade Reagent (Thermo Fisher Scientific) was added onto a clean glass
slide using a top-cut p200 tip and the immunostained coverslip was placed on top of droplet,
with cells facing down. The coverslip as gently pressed down and excessed Prolong gold was
blotted away. The coverslips were left to dry for 2-3 minutes and then the edges of the glass
slide were coated with nail varnish to secure the coverslip and prevent drying. The slides were

then stored at 4°C in dark covered in aluminium foil until use.

2.9.2. Imaging by Immunofluorescence Microscopy
To analyse the images by immunofluorescence microscopy, a BX51 Olympus
Immunofluorescence Microscope was used (Table 2.10b), and for immunofluorescence

confocal microscopy, a FV-1200 Olympus Confocal Microscopy was used (Table 2.10b).

ImageJ and Imaris (Bitplane) software was then used to analyse the images.
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2.10. ELISA

2.10.1. Cytokine / Chemokine ELISA

First, the coating antibody (Table 2.9a) was diluted in the ELISA Coating Buffer (Table 2.4a.).
For CCL5, IL-6, TNFa and IL-5 this was 2 pg/ml and for CXCL8 this was 0.32 ug/ml. 100 pl was
added to each well of a 96-well microtiter-plate (Costar) and the plate was sealed and incubated
overnight at RT. The next day the plate was placed in the plate washer (Table 2.10a., or
washed by hand), washed with ELISA Wash Buffer (Table 2.4a.; washed four times) and the
plate was blotted on blue roll to remove any remaining buffer. The plates were then blocked for
1 hour by adding 100 ul of BSA diluted in ELISA Coating Buffer (0.2 g in 20 ml; Sigma-Aldrich)
to each well and placed on the rotating platform at RT. The plates were then washed as

described previously.

100 pl of standard (ranging from 19.6-5,000 pg/ml for CXCL8, 39-10,000 pg/ml for CCL5 and
13-10,000 pg/ml for IL-6, TNFa and IL-5), or sample was added to each well (duplicate wells)
and incubated for 1.5 hours on the rotating platform (200 rpm) at RT. The wash step was then
repeated and 100 pl of the Biotinylated Antibody (Table 2.9a.) diluted in Wash Buffer (CCL5 —
0.08 pg/ml, CXCL8 — 0.32 pg/ml and IL-6 and TNFa — 0.1 pg/ml) was added to each well before
being incubated for 1.5 hours at RT on a shaker. The wash step was again repeated before 100
I of Streptavidin-HRP (50 pl in 10 ml of Wash Buffer; R&D Systems) was added to each well.

The plate was covered in foil and incubated for 20 minutes on a shaker at RT.

The plate was then washed for a final time following the protocol and 100 pl of substrate
solution (5 ml of A & 5 ml of B; R&D Systems) was added to each well and incubated for 20-30
minutes at RT on a shaker. When the colour change was sufficient, 50 pl of 1M Sulphuric Acid
(Fisher Scientific) was added per well to stop the reaction. The optical density of each well was
then determined immediately on the plate reader (Table 2.10a and b.) at a 450 nm absorbance

wavelength.

2.10.2. N-Terminal TN-C ELISA

First, the 96-well plate pre-coated with Anti-TN-C (N-Terminal) Mouse IgG antibody was brought
to room temperature. 100 ul of standard (ranging from 31.2-2000 pg/ml) or sample was added
to each well (duplicate wells) and incubated for 1 hour at 37°C. Next, Detection Reagent A was
added, and again incubated for 1 hour at 37°C, before this was aspirated and washed as per
Section 2.9.1. three times. 100 pl of Detection Reagent B was then added and incubated at
37°C for 30 minutes, before this was aspirated and washed five times. 90 pl of Substrate
Solution was next added for 10-20 minutes at 37°C, before 50 pul of Stop Solution was added

and read at 450 nm immediately on the plate reader.
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2.10.3. FNIII-B TN-C ELISA

First, the 96-well plate pre-coated with Anti-TN-C (FNIII-B) Mouse IgG antibody was brought to
room temperature. 100 pl of standard (ranging from 200-12,500 pg/ml) or sample was added to
each well (duplicate wells) and incubated for 1 hour at 37°C. Next, the wells were washed
vigorously seven times as described in Section 2.9.1., 100 ul of the detection antibody (HRP
conjugated Anti-Tenascin-C Mouse 1gG) was added per well and the plate was incubated for 30
minutes at 4°C. The plate was washed nine times and 100 pl of chromogen was added and
incubated for 30 minutes at RT (covered in foil). The Stop Solution was then added and the
optical density of each well was then determined immediately on the plate reader at a 450 nm

absorbance wavelength.

2.11. Isolation of EVs from AECs

2.11.1. Removal of EVs from AEC Media

First, EVs were removed from FCS and PBEC Basal Media in order to ensure that bovine EVs
did not contaminate AEC EV analysis. The FCS and bovine pituitary extract was placed in thick
walled ultracentrifuge tubes (Hitachi), centrifuged at 120,000 rcf for 18 hours at 4°C in a
ultracentrifuge (Sorvall Discovery M150 SE) and the supernatant was taken. The FCS or bovine
pituitary extract was then filtered through a 0.22 um filter to purify the supernatant, creating EV-
Depleted BEAS-2B Basal Media and EV-Depleted PBEC Basal Media.

2.11.2. Stimulation or Infection of AECs

BEAS-2B cells and PBECs cultured in EV-Depleted Media was then stimulated with poly(l:C) or
infected with RV as per Section 2.4.1. and 2.4.2., using the relevant EV-Depleted Media.

2.11.3. Isolation of EVs from AECs by Ultracentrifugation

Following stimulation or infection, the supernatant was collected and both MVs and exosomes
were then isolated by ultracentrifugation, as described in Figure 2.2. To summarise, the
supernatant was collected and centrifuged at 300 rcf for 5 minutes to remove dead cells. Next,
the cells were centrifuged at 3,000 rcf for 5 minutes to remove cell debris, and then MVs were
pelleted by centrifugation at 10,000 rcf for 30 minutes and re-suspended in 100 ul sterile PBS.
Exosomes were next pelleted by centrifugation in an ultracentrifuge at 100,000 rcf for 120
minutes, before the pellet was re-suspended in sterile PBS and centrifuged again at 100,000 rcf
for 120 minutes in order to remove contaminant proteins from the exosome isolates. Finally, the

exosomes were re-suspended in 100 pl of sterile filtered PBS.
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Figure 2.2. The Isolation of MVs and Exosomes from AEC Supernatants Following

Poly(l:C) Stimulation and RV Infection

Following poly(l:C) stimulation or RV infection, the supernatant (fraction 1) was collected and
both MVs and exosomes were then isolated by ultracentrifugation. First, the supernatant was
centrifuged at 300 rcf for 5 minutes at 4°C in order to remove dead cells and the supernatant
was collected. Next, the supernatant was centrifuged at 3,000 rcf for 5 minutes at 4°C in order
to remove cell debris. The supernatant was then centrifuged at 10,000 rcf for 30 minutes at
4°C in order to isolate MVs and re-suspended in 100 pl sterile PBS and stored at 4°C
(fraction 2). The supernatant was next centrifuged in an ultracentrifuge at 120,000 rcf for 2
hours at 4°C to pellet exosomes, and the supernatant was kept and stored at 4°C (fraction 3).
The pellet was re-suspended in 500 pl sterile PBS, span at 120,000 rcf for 2 hours at 4°C to
re-pellet exosomes and remove contaminants, the supernatant was discarded, and the pellet

was re-suspended in 100 ul sterile PBS and stored at 4°C (fraction 4).
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2.11.4. Characterisation of EVs Following Isolation by Western Blotting

Following the EV isolation protocol, western blotting was use to analyse for the presence of
exosome-enriched proteins (Section 2.7). The primary antibodies CD9, 3 -actin and KDEL (10%
gel Table 2.9) was added to 5% Milk / PBS-01% Tween at 1 yg/ml and the flotillin-1 antibody
(10% gel; Table 2.9a.) was added to 5% Milk / PBS-01% Tween at 1 uyg/ml. These were then
placed on a shaking platform overnight at 4°C. The Anti-Rabbit Secondary Antibody was used
for flotillin-1 and B-actin and Anti-Mouse Secondary Antibody was used for CD9 and KDEL at
the appropriate concentrations.

2.11.5. Characterisation of EVs Following Isolation by NTA

Exosomes were also analysed for concentration (particles per ml) and size (nm) by NTA. The
NanoSight NTA machine (Table 2.10a) was used in the University of Oxford to analyse BEAS-
2B cell exosomes and the ZetaView NTA machine (Table 2.10a) was used in the University of
Sheffield for both BEAS-2B and PBEC exosome analysis.

Exosomes were diluted as required to provide 100-1000 particles per ul, ran through the
machine for analysis 3-5 times, and the average concentration and size was calculated. NTA
uses a laser, light dispersion and Brownian motion to track EVs in a liquid suspension and
through this, the translation diffusion constant is calculated, by which then size and
concentration can be measured. NTA can measure vesicles between 10-3000 nm and able to

handle concentrations between 10° -10"° particles per cm®.

2.11.6. Stimulation of AECs and MDMs with AEC Isolated Exosomes

Following exosome calculation by NTA, exosomes were added exogenously to confluent BEAS-
2B cells, PBECs or MDMs at concentrations between 10,000-20,000 particles per pl (200 pl

overall), following the stimulation protocol described in Section 2.4.

2.12. Quantification of Protein by BCA

The BCA (Table 2.4b.) was used to calculate protein concentration. A standard curve ranging
from 0-2000 pg/mL was first prepared and 25 pl was loaded into a 96 well plate alongside
samples requiring quantification. 200 pl of the Bicinchoninic acid assay (BCA) working reagent
(VWR) was added to each well and mixed on a plate shaker for 30 seconds, before being
incubated at 37°C for 30 minutes. The plate was then left to reach room temperature before
being read on the plate reader at 562 nm. The standard curve was generated and the unknown

samples were interpolated onto the curve and quantified.

2.13. Quantification of Cell Viability

Cell viability was quantified by in two experiments: A MTT 3-(4,5-Dimethylthiazol-2yl)-2,5-
Diphenyltetrazolium Bromide (MTT) assay measuring cell metabolic activity by NADPH

(nicotinamide adenine dinucleotide phosphate) activity (Table 2.6b.) and by microscopy to view
65



cell viability. First, cells were maintained and stimulated or infected as per Section 2.4.

2.13.1. MTT Assay

At the required time, fresh media was replaced on the cells, and then MTT solution (10% of total
well volume; Table 2.4b.) was added and incubated for 2 hours at 37°C. Next, 100 pl of
Solubilising Solution (Table 2.4b.) was added and then incubated overnight. The plate was then

placed on the plate reader and read at 620 nm.

2.13.2. Microscopy

At the time of the assay, images of the cell cultures were taken at 40x magnification by an
Olympus U-TVO-5XC-3 Lens on an Olympus CKX41 microscope and then were cropped to

highlight areas of interest on ImageJ software.

2.14. TN-C Purification

2.14.1. Collection of HEK-293:pCEP-huTNC-his Cell TN-C Production

HEK-293:pCEP-huTNC-his cells were grown to confluency (Section 2.2.4) and then were
washed with PBS before being placed in HEK-293 Collection Medium (Table 2.2) for two days.
The conditioned medium (CM) was then collected and stored at -80°C, before cells were
recovered in HEK-293 Complete Media for one day and then transferred back to Collection
Medium. This cycle was repeated up to eight times.

2.14.2. Treating the Conditioned Medium, FN Removal and Bead Incubation

The CM was first filtered over a 0.45 um filter and then precipitated with ammonium sulphate
(291 g per 1 L of CM; Sigma-Aldrich) for 2 hours at 4°C. Next, the CM was centrifuged at
12,000 rcf for 20 minutes at 4°C, before being re-suspended in 1xPBS / 0.01% Tween-20 (50 ml
for 1 L CM). The CM was then dialysed against 1xPBS / 0.01% Tween-20 for 2 hours in 50
times volume at 4°C. This was repeated further two times. The dialysed protein was then
centrifuged at 12,000 rcf for 10 minutes at 4°C (Sorvall RC6 centrifuge) and the supernatant
was collected. A column containing 15 ml of gelatin-agarose beads (Sigma-Aldrich) was next
equilibrated with 50 ml MilliQ water and then 50 ml 1xPBS / 0.01% Tween-20. The dialysed
protein was then passed over the agarose column using a peristaltic pump (VWR) to remove
FN, and the supernatant was collected. The protein sample was next adjusted to the same
concentration as the EQB (Table 2.4b.) by adding the appropriate concentrations of the EQB
reagents, and then incubated overnight with 20 ml Ni** column resin beads (Thermo Fisher
Scientific) at 4°C.

2.14.3. Elution and Detection of TN-C

The bead-protein sample was next loaded into a column and the flow through was collected,

before the flow through was again passed through the column by a peristaltic pump and
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collected. The beads were washed with 50 ml EQB, 50 ml Washing Buffer (Table 2.4b.), 100 ml
ice cold Washing Buffer 0.1% Triton-X114 and then 100 ml ice cold Washing Buffer. TN-C was
next eluted from the beads by washing with 50 ml Elution Buffer A (collected in 5 ml fractions;
Table 2.4b.), and then 20 ml Elution Buffer B (Table 2.4b.). Next, the presence of TN-C and his-

tag was measured by western blot (as per Section 2.7.).

2.14.4. Quantification and Characterisation of TN-C
2.14.4.1. Quantification of TN-C by BCA and BSA Standard Curve

Following positive detection of TN-C, protein concentration was determined. BCA test was first
performed as per Section 2.11. and to confirm this concentration, quantification by BSA
standard curve was also performed. A BSA standard curve was generated (ranging from 2 pg to
0.1 pg) and ran on a gel alongside the purified TN-C fractions. Coomassie Brilliant Blue
(Thermo Fisher) staining was performed and quantified by densitometry by ImageJ. The BSA
standard curve was then generated, and the TN-C fractions were interloped onto the curve. The
Mg concentration of the protein was then converted into uM concentrations for use in

stimulations.

2.14.4.2. Circular Dichroism Spectra (CDS) Test

Next, CDS was used to determine whether the protein was folded or not. 200 ul of protein,
diluted to 0.2 mg/ml in TN buffer was loaded into the Jasco J-815 CDS Spectrometer (Table
2.10b.). The CDS of the TN-C was measured 5 times by Jasco CDS Manager at the 250-190
nm wavelength. Following CDS analysis, the sample was heated for 15 min at 80°C before
being analysed again. CDS analysis determined the alpha helix (peak at 222-208 nm), beta
sheet (peak at 215 nm) and random coil (negative at 195 nm) of the full-length TN-C protein.

2.14.4.3. LAL Test

Finally, the presence of LPS in the TN-C sample was quantified using the LAL test (Table 2.6).
First, a standard curve ranging from 0.05-1 Endotoxin Units (EU) was prepared and 50 ul was
loaded into a 96 well plate alongside the TN-C protein samples (in duplicates). 50 yl Lysate
Solution was added and incubated at 37°C for 10 minutes, before Chromophore was added and
incubated for a further 7 minutes. 25% acetic acid was then added and then the plate was read
on the plate reader at 340 nm. The samples were interpolated onto the standard curve, with an
LPS concentration of less than 0.1 EU deemed acceptable (as this is below the limit of

detection). The TN-C samples were then snap-frozen with liquid nitrogen and stored at -80°C.

2.14.5. TN-C-FBG Purification

Recombinant LPS-free TN-C-FBG was purified by Dr Anja Schwenzer at the University of
Oxford (as per Midwood et al. 2009) and donated for the use in this study. To summarise, FBG
DNA was cloned into a PCR Blunt vector and inserted into a pET32b plasmid, before being

transformed into cultured in 3 L of Luria-Bertani medium containing 50 ug ml™ carbenicillin and
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induced with 1 mM isopropyl-D-thiogalactopyranoside. After 3 hours, the media was collected
and FBG was purified by Ni2* chromatography (as per Section 2.14), and quality checks such
as LAL testing, CDS and determining the concentration by BCA was performed as per Section

2.14. The FBG was then used for stimulation experiments by Jake Mills.

2.14.6. Purified Recombinant TN-C and FBG Stimulation of AECs

2.14.6.1. Purified Recombinant TN-C and FBG Stimulation of BEAS-2B
Cells

For purified recombinant TN-C and FBG stimulation of BEAS-2B cells, the cells were serum
starved overnight (in 96 well plates) before stimulation by removing BEAS-2B Complete Media
and replacing with 200 pl of BEAS-2B Basal Media (Table 2) per well. At time of stimulation, the
media was replaced with fresh Basal Media, before 0.1-2 pM purified recombinant TN-C or FBG

was exogenously added.

2.14.6.2. Purified Recombinant TN-C and FBG Stimulation of MDMs

For purified recombinant TN-C and FBG stimulation of MDMs, the same protocol as for
stimulation of BEAS-2B cells was carried out (Section 2.4.5.1), with the only difference being
cells were cultured in MDM media. MDMs were also stimulated with a LPS TLR4 positive

control as per Section 2.4.

2.15. TN-C siRNA Treatment of AECs

TN-C siRNA (Dharmacon) and Scrambled siRNA (Dharmacon) was re-suspended in nuclease-
free water to make 20 yM stocks, and 100 nM of siRNA was used per well, diluted in Opti-MEM
(Thermo Fisher Scientific). The 100 nM siRNA-Opti-MEM mix was added to a lipofectamine
(Thermo Fisher Scientific) Opti-MEM mix (1:40 lipofectamine-Opti-MEM dilution) and left at RT

for 20 minutes.

Next, cell media was removed, washed with 1 ml PBS and 800 pyl BEAS-2B Basal Media or
PBEC Basal Media was added per well. 200 pl of TN-C siRNA-lipofectamine-Opti-MEM or
Scrambled siRNA-lipofectamine-Opti-MEM was added to the relevant well in a small dropping
motion, moving the pipette around the well to cover all the area, and left to incubate for 4 hours.
The media was next removed, washed in 1 ml PBS and 1 ml BEAS-2B Complete Media or
PBEC Recovery Media per well, depending on the cell type. A mock control with water replacing
the 100nM siRNA and an untransfected Opti-MEM only control was also used. The cells were

left for 24 hours, before stimulation or infection was carried out as per Section 2.4.

2.16. Trichloroacetic Acid (TCA) Precipitation

Mouse BALF samples were concentrated by TCA precipitation. 1 part of cold 10% TCA (Sigma-
Aldrich) was added to 3 part BALF sample, mixed thoroughly and placed on ice for 10 minutes.

The sample was then centrifuged at 14,000 rcf for 5 minutes and the supernatant was removed,
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leaving the sample pellet. This was then washed with 200 ul of cold acetone (Sigma-Aldrich),
and this was repeated 3 times. The pellet was then dried by placing in the heat block at 95°C for

10 minutes, and then the sample was suspended in 4x sample buffer.

2.17. Statistics

Data was analysed and presented via GraphPad Prism v7.0 as mean + standard error of the
mean (SEM). D'Agostino-Pearson omnibus tests were carried out on the data sets for Figure
3.2, 3.12, 3.13, 3.15 and 3.18., and normal distribution of the data was determined, which also
correlated with previous calculations in our lab that used the same cells (Parker et al. 2008,
Stokes et al. 2016, Manley et al. 2018). Appropriate statistical tests were carried out , including
paired T-test, One Way ANOVA with Dunnett's post-hoc test and Two Way ANOVA with
Dunnett’s post-hoc test and p values of <0.05 (*), <0.01 (**), <0.001 (***) and <0.0001 (****)

were considered statistically significant.
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Chapter 3 — Results: The Relationship Between RV Infection and Tenascin-C

Expression in AECs

3.1. Introduction

There is a direct association between the presence of respiratory viruses and asthma
exacerbations in asthma patients. One study found that respiratory viruses were detected in
80% of wheezing episodes and 85% of upper respiratory symptoms in 108 children aged 9-11
(Johnston et al. 1995b). The evidence is less clear in adults, but one study showed a detection
rate of 76% (via PCR) in 49 adults, and the viral infection was associated with acute asthma
symptoms (Wark et al. 2002). RV were found to be the most common virus detected in the
studies mentioned above, being present in approximately 66% of cases, implicating RV as the

major cause of asthma exacerbations with regards to respiratory viruses (Johnston 2005).

TN-C is implicitly linked to the pathogenesis of asthma. TN-C is present in higher quantities in
the bronchial sub-epithelial RBM in patients with asthma when compared to non-asthmatic
controls, and TN-C levels correlate positively with the severity of the disease (Laitinen et al.
1997). Furthermore, when patients with asthma were treated with a corticosteroid twice daily for
4 to 6 weeks, TN-C levels in the RBM decreased (Laitinen et al. 1997); but work in this study did
not investigate whether this correlated with a decrease in disease specific symptoms. An
increase in TN-C expression in the RBM of asthmatics also occurs during airway
hyperresponsiveness (increased sensitivity to a constrictor agonist; Kariyawasam et al. 2007).
Following allergen challenge of patients with mild-moderate asthma (house dust mites, grass,
cat dander), TN-C expression was increased at 24 hours in the RBM of bronchial epithelial
cells, before falling to basal levels at 7 days. The increase of TN-C was accompanied by the
increase of eosinophil, macrophage, neutrophil, and CD3" T cells (Kariyawasam et al. 2007).
The role of TN-C in asthma has also been investigated in a knockout murine model. In this
model, airway inflammation was induced in TN-C KO BALB/C mice by sensitisation and
challenge with Ova. As measured by Penh value (airflow measured by a plethysmography),
airway hyperresponsiveness was significantly lower in the TN-C KO mice compared to the wild
type (Nakahara et al. 2006). Furthermore, a genetic polymorphism study in Japan revealed an
SNP that strongly associated with adult bronchial asthma (Matsuda et al. 2005). This SNP
affects the beta sheet of the FNIII-D domain, causing a loss in elasticity and airway integrity
(Matsuda et al. 2005).

TN-C has also been demonstrated to play a role in viral / pathogenic infection. In a study by
Fouda et al (2013), TN-C was implicated in the role of neutralisation of HIV-1 transmission in the
breast milk of infected mothers. Purified TN-C (22-200 pg/ml) had the capacity to bind and
neutralise the infectivity of HIV-1 by binding to the CD4 receptor of the virus and depletion of
TN-C from breast milk ablated the neutralising effect (Fouda et al. 2013). Finally TN-C plays a
vital role in the TLR4-dependent inflammatory response to LPS, with TN-C” macrophages

unable to transcribe mir-155 and consequently TNFa (Piccinini and Midwood 2012).
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RV infection of AECs induces cytokine, chemokine and IFN production by binding to a large
range of receptors, including TLR3 (as summarised in in Section 1.2.). A number of these
cytokines have previously been demonstrated to be transcriptional regulators of TN-C; but
crucially not in the context of RV infection. TGF-f3 can induce TN-C expression, by binding to
Smad2/3 on the promoter (Tucker and Chiquet-Ehrismann 2009, Akhurst et al. 1990, Soini et al.
1993), whilst IL-4, IFN and TNFa can also induce TN-C expression (Latijnhouwers et al. 2000).
Importantly, a study conducted by Proud et al (2008) measured the gene expression profile
from nasal scrapings following a 2 day inoculation of RV-16 in healthy human individuals, and
this revealed TN-C mRNA was upregulated nearly 3-fold compared to non-infected individuals

(Proud et al. 2008), however, this finding was not further investigated.

Despite the fact that TN-C and RV are both linked to the pathogenesis of asthma, TN-C has
previously been demonstrated to have differing roles in the response to pathogenic infection
and TN-C mRNA has been shown to be induced in response to RV in a human infection study,

the relationship between the two has yet to be investigated.

3.2. Hypothesis and Aims

It was hypothesised that RV infection induces TN-C mRNA expression, protein expression and

protein release in the airway, in a RV serotype (i.e. major or minor group) independent manner.
The specific aims of this chapter were to investigate:

1. TN-C expression in vivo in the BALF of mice following nasal administration of the viral
mimic poly(l:C).

2. Whether TN-C mRNA expression, cell-associated TN-C protein expression and TN-C
protein release are modulated in response to stimulation with poly(l:C) or RV infection
(major and minor serotypes) in vitro in human AECs.

3. The specific splice domains and variant size of TN-C present basally in human AECs
and induced by stimulation with poly(l:C) and RV infection in vitro.

4. Potential differences in RV-induced TN-C mRNA expression and TN-C release in

PBECs from asthmatic patients compared to PBECs from non-asthmatic patients.
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3.3. Intranasal Poly(l:C) Administration of Mice Induces TN-C Expression in the
BALF

The first aim was to investigate whether nasal administration of the TLR3 ligand and viral mimic
poly(l:C) induced TN-C expression in vivo in the BALF of C57BL/6 mice. Under recovery
anaesthesia, adult C57BL/6 mice were treated intranasally with 50 yl PBS or 100 ug poly(l:C) in
50 yl PBS for up to 48 hours. The mice were then sacrificed, and BALF was collected by
washing the lungs with 3 ml of PBS. The expression of BALF keratinocyte-derived cytokine (KC)
was measured by ELISA. BALF was also concentrated by TCA precipitation and the presence
of TN-C was analysed by western blotting and expression was normalised to neutrophil cell
count. To analyse the TN-C variant expression, densitometry was performed at 48 hours in
ImageJ software, and a ratio of small to large variants was calculated. In this study, small
variants were defined as 250 kDa or below, with large variants as >250 kDa. The correlation

between TN-C expression and KC release was also calculated.

In response to poly(l:C), no significant change was observed in KC expression at 24 and 48
hours (; Figure 3.1A). At 24 hours post stimulation, there was no visible expression of TN-C in
the PBS control samples and only negligible TN-C expression was observed in response to
poly(l:C (data not shown), whilst at 48 hours, there was a low level of TN-C expression in the
PBS control samples, and upregulation occurred in response to poly(l:C) (Figure 3.1B). There
were two clear variants present in response to 48 hours of poly(I:C) stimulation, one ‘small’
~250 kDa variant and one ‘large’ variant at >250 kDa. The induction of TN-C at 24 hours was
not statistically significant, however at 48 hours TN-C expression was significantly induced in
response to poly(l:C) compared to PBS controls (p<0.05), as measured by densitometry and
normalised to neutrophil cell count (Figure 3.1C). There was no correlation between KC
production and TN-C expression (R2=0.09722) however, if Mouse 3 was treated as an anomaly
and removed, a positive correlation was observed (Figure 3.1D; p<0.01; R2:0.8985). The
smaller variant was the predominantly expressed TN-C variant in the media controls and in
response to poly(l:C), with a 4:1 and 3:1 ratio of expression between the smaller ~250 kDa and
larger >250 kDa variant (Figure 3.1E).
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Figure 3.1. Intranasal Poly(l:C) Stimulation of Wild-Type C57BL/6 Mice Induces TN-C
Expression in the BALF

Under recovery anaesthesia, adult C57BL/6 mice were treated intranasally with 50 ul PBS or
100 pg poly(l:C) in 50 ul PBS for up to 48 hours. The mice were then sacrificed, and BALF was
collected by washing the lungs with 3 ml of PBS. BALF KC was measured by ELISA (A). 150 pl
of BALF was TCA precipitated to 20 pl, the presence of TN-C at 24 and 48 hours was analysed
by western blotting (B; representative 48-hour blot shown) and densitometry of the bottom
band was performed using ImageJ software and normalised to neutrophil cell count (C).
Correlation of TN-C expression to KC production was plotted (D) and densitometry was
performed on both bands at 72 hours in ImageJ software, and a ratio of small to large variants
was calculated (E). Data shown are mean + SEM, with each replicate representing a separate
mouse (N=3 for PBS controls, N=6 for poly(l:C) 24 Hours and N=7 for poly(l:C) 48 hours).
Significant differences in TN-C expression are indicated by * p<0.05; ** p<0.01, analysed by
two way analysis of variance (ANOVA) with Tukey's post hoc test, paired T-test or Pearson

correlation coefficient.
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3.4. Poly(l:C) Stimulation of BEAS-2B Cells Induces TN-C mRNA and Cell
Associated Expression and Poly(l:C) Stimulation and RV-1B Infection Induces
TN-C Release.

The next aim was to assess human TN-C expression in vitro in AECs. TN-C mRNA and cell-
associated TN-C expression in response to poly(l:C) and TN-C release in response to poly(l:C)
and RV-1B (a minor group RV) was investigated in the BEAS-2B cell line.

3.4.1. Poly(I:C) Stimulation of BEAS-2B Cells Induces TN-C mRNA Expression

To quantify total TN-C mRNA expression, BEAS-2B cells were left unstimulated, or stimulated
with poly(1:C) (25 ug/ml) or TNFa (100 ng/ml) for up to 72 hours. The concentration of Poly(l:C)
used to stimulated AECs was based on previous established protocols used in our lab (Stokes
et al. 2016, Manley et al. 2018). To determine the appropriate concentration of TNFa to use as
a positive control, a dose response experiment was carried out, with 100 ng/ml determined to
induce TN-C mRNA expression (data not shown). Cells were then lysed, mRNA extracted,
converted to cDNA and TagMan real time quantitative PCR was performed for TN-C (FBG
domain) and GAPDH expression, with TN-C levels normalised to the GAPDH control. The
relative abundance of TN-C normalised to GAPDH samples was analysed by using absolute
guantification by standard curve. As two timecourse experiments were performed separately, 1-
8 hours (no TNFa stimulation) and 24-72 hours data were placed on separate graphs and
analysed independently. To quantify the splice variants of TN-C present, a SYBR Green real
time quantitative PCR was performed for each of the alternative splice domains (A1-D) and total
TN-C (7/8) in the 24 hour samples. The relative abundance of TN-C normalised to GAPDH

samples was analysed by using relative fold change quantification.

TN-C mRNA was significantly increased at 4, 6, 8 and 24 hours in response to poly(l:C)
compared to unstimulated media controls (Figure 3.2A and 3.2B). TN-C mRNA increased 5-fold
at 4 hours (p<0.001) and was maintained at 6 hours (p<0.0001), before decreasing marginally
at 8 hours (p<0.05). The expression profiles of TN-C mRNA expression induced by poly(l:C)
and TNFa post 24 hours appeared comparable, with a peak at 24 hours (p<0.01), before
returning close to basal levels at 48 and 72 hours. At 24 hours post stimulation, TN-C mRNA
was increased around 8-fold compared to the media control. There was no significant
expression of splice specific domains observed due to a large variation in response between the
separate donors (Figure 3.2C), but some patterns observed that should be investigated further
in the future. In response to TNFa, the domains FNIII-AD1, FNIII-C and FNII-D all increased
compared to the media control, alongside a 3.5-fold increase in overall TN-C (FNIII-7/8).
Furthermore, FNIII-A2, FNIII-A3, FNIII-A4 and FNIII-B were upregulated 4-8-fold in one donor,
but not in the other two donors, so further investigation is needed. Although not statistically
significant, there was a 3-fold increase in overall TN-C mRNA expression (FNIII-7/8) at 24 hours
in response to poly(l:C) compared to media control. In addition, FNIII-B, FNIII-C and FNIII-D
were again upregulated around 4-fold in one donor, but not the other two, and FNIII-AD2 was
not expressed either basally or in response to poly(I:C) and TNFa.
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Figure 3.2. Poly(l:C) and TNFa Stimulation of BEAS-2B Cells Increases TN-C mRNA

Expression

BEAS-2B cells were treated with poly(I:C) (25 ug/ml) or TNFa (100 ng/ml) for the indicated
times. RNA was extracted from cell lysates and total TN-C mRNA expression (FBG domain)
was measured using TagMan quantitative real time PCR, with data presented as the total
RNA copies normalised to GAPDH control. 1-8 hours (A) and 24-72 hours (B) were
performed as separate experiments. (C) RNA was extracted at 24 hours post stimulation
and specific FNIII splice domain expression and total TN-C (7/8) expression was quantified
using SYBR Green quantitative real time PCR. Data shown are mean + SEM, with each
replicate representing a separate cell passage (N=3). Significant differences in TN-C mRNA
copies are indicated by * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001, analysed by two

way repeated measures ANOVA with Tukey's or Dunnett’s post hoc test.
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3.4.2. Poly(I:C) Stimulation of BEAS-2B Cells Induces Cell-Associated TN-C

Protein Expression

3.4.2.1. Poly(I:C) Stimulation of BEAS-2B Cells Induces Cell-Associated
TN-C Protein as Measured by Western Blot

Having observed significant TN-C mRNA induction in response to poly(l:C) stimulation (Figure
3.2), TN-C protein expression following poly(l:C) stimulation was next investigated. BEAS-2B
cells were left unstimulated or stimulated with poly(l:C) (25 pg/ml) or TNFa (100 ng/ml) for up to
72 hours. Cells were then lysed and the protein was extracted and analysed for TN-C and f3-
actin by western blot. Cell-associated TN-C expression was analysed by densitometry using
Imaged software, and normalised to the B-actin control. As the two time-course experiments
were performed separately, 1-8 hours and 24-72 hours data were placed on separate graphs
and analysed independently. To analyse TN-C variant expression, densitometry was performed
at 72 hours in ImageJ software, and a ratio of large to small variants was calculated. The larger

variants were measured together, due to the close proximity of the two.

Analysis of the western blot data revealed that there were three clear variants of TN-C present,
two large variants above 250 kDa and one small variant at ~250 kDa (Figure 3.3A). It is difficult
to distinguish between the two large variants due to large expression of these bands, but they
are more visible in the 8h TNFa sample. During the early 1-8 hour time points, there was no
induction of TN-C expression(Figure 3.3B). TN-C protein expression was induced significantly at
24 and 48 hours (p<0.05) however, before decreasing at 72 hours (Figure 3.3C). TNFa did not
induce TN-C expression up to 8 hours post stimulation, but significant expression was observed
at 24 (p<0.01) and 72 hours (p<0.05) post stimulation (Figure 3.3B and 3.3C). Induction of TN-C
protein expression was also observed at 48 hours, but this was not statistically significant.
Interestingly, the absolute amount of TN-C expression induced by poly(l:C) and the positive
control TNFa were similar, with the peak induction of TN-C protein observed at 24 hours for
TNFa and 48 hours for poly(I:C). The ratio of large to small TN-C variant expression in BEAS-
2B cells at the media 72 hours control and in response to poly(l:C) was close to 1:1 (Figure
3.3D), differing from the small variant dominant expression observed in the BALF of mice

administered with poly(l:C) (Figure 3.1C).
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Figure 3.3. Poly(l:C) Stimulation of BEAS-2B Cells Induces Cell-Associated TN-C

Expression and an Equal Ratio of Large and Small Variants was Present.

BEAS-2B cells were treated with poly(l:C) (25 pg/ml) or TNFa (100 ng/ml) for the indicated
times. 1-8 hours and 24-72 hours were conducted in separate experiments. Whole-cell
lysates were analysed by western blotting using antibodies specific to TN-C (N-Terminal) and
3-actin. (A) A representative image of three independent BEAS-2B colonies are shown, with
media control samples indicated with M, poly(l:C) samples indicated with P and TNFa
samples indicated with T. Densitometry of the top band on 1-8 hour blots (B) and 24-72 (C)
was performed in ImageJ software with TN-C normalised to 3-actin control. (D) Densitometry
was performed on both bands at 72 hours in ImageJ software, and a ratio of large to small
variants was calculated. Data shown are mean + SEM, with each replicate representing a
separate cell passage (N=3). Significant differences in TN-C protein expression are indicated
by * p<0.05, ** p<0.01; analysed by two way repeated measures ANOVA with Tukey's or

Dunnett’s post hoc test or paired T-test. 77



3.4.2.2. Poly(I:C) Stimulation of BEAS-2B Cells Induces Cell-Associated

TN-C Protein as Visualised by Immunofluorescence

Cell-associated TN-C expression was also investigated by immunofluorescence. BEAS-2B cells
were plated on coverslips and either left unstimulated or stimulated with poly(l:C) (25 pg/ml) for
up to 24 hours. Cells were then fixed in 3.8% PFA and permeabilised (to permit intracellular
staining) for 15 minutes with Triton-X100. The cells were then stained for TN-C (green) and FN
(red) expression and the nucleus was stained with DAPI (blue). Finally, the coverslips were
placed onto microscope slides, and fluorescent imaging was performed on the Olympus BX51
Ostometric Fluorescence microscope and Imaris Software. A 24 hour poly(l:C) stimulated no-
primary antibody negative control and a fibroblast positive control were also generated. Mean

TN-C fluorescence per cell was measured using ImageJ software.

Cell surface and intracellular TN-C expression was modest in the 1 hour unstimulated media
control and poly(l:C) stimulated cohort (Figure 3.4A). TN-C expression began to increase
intracellularly in response to poly(l:C) at 6 hours and a large increase in expression was
observed at 24 hours, correlating with the western blot data (Figure 3.3). Furthermore,
increased TN-C expression was observed on the cell surface at 6 and 24-hours post-
stimulation. No TN-C or FN expression was observed in the no-primary antibody control and
typical staining was observed in the fibroblast control, demonstrating the specificity of the
immunofluorescence staining (Figure 3.4B). TN-C expression was significantly upregulated at
24 hours compared to the unstimulated media control (p<0.05) when measured by mean TN-C
fluorescence intensity per cell, with a statistically non-significant increase also observed at 6
hours (Figure 3.4C). Whilst TN-C and fibronectin seemed to be closely associated in the

fibroblast control, there was no associated in the BEAS-2B samples.

3.4.2.3. Poly(l:C) Stimulation of BEAS-2B Cells Induces Diffuse Cell-
Associated TN-C Protein as Visualised by Confocal Imaging

Following immunofluorescence microscopy, confocal imaging was performed on the same
slides on the Olympus FV1200 Confocal System to further investigate the type and distribution
of TN-C expression.

TN-C fluorescence was low in the unstimulated BEAS-2B cell media controls, with the
expression clustered close to the nucleus, whilst FN expression was fibrillar and did not
associate with TN-C expression (Figure 3.5A). In the unstimulated fibroblast control, TN-C
expression was also grouped around the nucleus, but FN expression seemed to be more
closely associated with TN-C (Figure 3.5B). In response to poly(l:C), TN-C expression was
upregulated and the distribution changed from clustered around the nucleus to diffuse and
distributed throughout the cell population (Figure 3.5A). There was no FN or TN-C expression in
the no primary antibody control, antibodies (Figure 3.5B). Mean Fluorescence Intensity (MFI)
per cell was measured, showing no significant induction of TN-C expression (Figure 3.5C). This
lack of significant increase could be due to the low light setting use on the image exposure time,

SO as to not bleach the image.
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Figure 3.4. Poly(l:C) Stimulation of BEAS-2B Cells Induces Cell Associated TN-C as

Mean Fluorescence Intensity
(Normalised to Cell Numberl)

+Media +25 pg/ml P(1:C)

Visualised by Immunofluorescence

BEAS-2B cells were plated on coverslips and left unstimulated or stimulated with poly(I:C) (25
pa/ml) for up to 24 hours. Permeabilised cells were stained for TN-C (green) and fibronectin
(red) and the nucleus was stained with DAPI (blue). (A) Fluorescent imaging was performed on
the Olympus BX51 Ostometric Fluorescence microscope. A no-primary antibody negative
control and a fibroblast positive control (B) were also imaged. TN-C MFI was also measured by
ImageJ software. Images displayed are a representative time course and data shown are mean
+ SEM, with each replicate representing a separate cell passage (N=3). Significant differences
in fluorescence are indicated by * p<0.05; analysed by two way repeated measures ANOVA

with Tukey's post hoc test. 29
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Figure 3.5. Poly(l:C) Stimulation of BEAS-2B Cells Induces Diffuse Cell-Associated TN-

C Expression as Visualised by Confocal Imaging

BEAS-2B cells were plated on coverslips and left unstimulated or stimulated with poly(l:C) (25
pg/ml) for up to 24 hours. Permeabilised cells were stained for TN-C (green) and fibronectin
(red) and the nucleus was stained with DAPI (blue). Confocal imaging was performed on the
Olympus FV1200 Confocal System (A) and fibroblast and no primary control was also imaged
by confocal microscopy (B). TN-C MFI per cell was calculated by ImageJ software (C).
Images displayed are a representative time course and data shown are mean + SEM, with

each replicate representing a separate cell passage (N=3). Data analysed by paired T-test.
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3.4.3. Poly(l:C) Stimulation and RV-1B Infection of BEAS-2B Cells Induces TN-C

Release

TN-C release was next investigated in response to poly(I:C) stimulation, gardiquimod (TLR7
agonist) stimulation, TNFa stimulation and RV-1B infection of BEAS-2B cells. First, BEAS-2B
cells were left unstimulated or stimulated with poly(l:C) (25 pg/ml) or infected with RV-1B (MOI
1.5) for 72 hours. Cell free supernatants were then collected and TN-C expression was
determined by western blot (analysed densitometrically using ImageJ software) and by TN-C N-
terminal) ELISA. To analyse TN-C variant release, densitometry was performed at 72 hours
using ImageJ software, and the ratio of large to small variants calculated. In an independent
series of experiments, BEAS-2B cells were left unstimulated or stimulated with gardiquimod (10
pa/ml) or TNFa (100 ng/ml) for 72 hours, and cell supernatants collected. The concentration of
gardiquimod used was based on the supplier's instructions. TN-C expression was determined

by western blot and analysed densitometrically using ImageJ software.

Analysis of the western blot data confirmed that the two TN-C variants identified in the cell
associated data were also present in the supernatant — the large >250 kDa and small ~250 kDa
variants (Figure 3.6A). Significant TN-C release was induced at 24, 48 and 72 hours post
poly(I:C) stimulation as measured by western blot, when compared to the unstimulated media
control (Figure 3.6B). At 24 hours post stimulation, TN-C release significantly increased 5-fold
(p<0.05) with peak TN-C release being observed at between 48 (p<0.01) and 72 hours
(p<0.01). At these time points, TN-C release increased 4-fold when compared to the media
controls. In response to poly(l:C) TN-C was significantly induced at 48 (p<0.01) and 72 hours
(p<0.0001), whilst in response to RV-1B, TN-C was induced at 24 (p<0.0001,) 48 (p<0.0001)
and 72 hours (p<0.0001) compared to unstimulated controls, as measured by ELISA (Figure
3.6C). TN-C release peaked at 72 hours, both in response to poly(l:C) and RV-1B, at 22 and 30
ng/ml respectively. Interestingly the large variant predominated in the supernatant from the 72-
hour media control. Although this ratio reduced in response to poly(l:C), there was still a 4:1
ratio of large to small TN-C variant expression (Figure 3.6D). In response to gardiquimod, there
was no induction of TN-C release (Figure 3.6E), whilst preliminary investigation (N=1) of TN-C
release following TNFa seemed to indicate TN-C release from 24 hours post stimulation (Figure
3.6F).
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Figure 3.6. Poly(l:C) Stimulation and RV-1B Infection of BEAS-2B Cells Induces the
Release of TN-C, with the Large Variant Being the Main Variant Released

BEAS-2B cells were treated with poly(l:C) (25 pg/ml) or RV-1B (MOI 1.5), gardiquimod (10
pg/ml) or TNFa (100 ng/ml) for the indicated times. Cell-free supernatants were prepared and
analysed by western blotting using an antibody specific to TN-C. (A) All three western blots
from the independent poly(l:C) BEAS-2B passages are shown, with media samples indicated
with M and poly(l:C) samples indicated with P. (B) Densitometry of the top band on the
poly(l:C) blots was performed in ImageJ software. (C) Cell free supernatants were analysed
for the presence of TN-C by TN-C (N-Terminal) ELISA. (D) Densitometry was performed on
both bands of the poly(I:C) blots at 72 hours using ImageJ software, and a ratio of large to
small variants was calculated. Densitometry of the top band on the gardiquimod (E) and TNFa
(F) blots was performed in ImageJ software. Data shown are mean + SEM, with each
replicate representing a separate cell passage (N=3, apart from TNFa, N=1). Significant
differences in TN-C release are indicated by * p<0.05; ** p<0.01; *** p<0.001 analysed by two

way repeated measures ANOVA with Tukey's, Dunnett’s post hoc test or paired T-test.
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3.4.4. Poly(l:C) Stimulation and RV-1B Infection of BEAS-2B Cells Induces CXCL8
and CCL5 Production

To confirm that poly(l:C) stimulation and RV infection of BEAS-2B cells was effective and in
keeping with published literature (Morris et al. 2006, Parker et al. 2008, Stokes et al. 2011),
CXCL8 and CCLS5 release was measured over the 72 hour time course. CXCL8 and CCL5
ELISAs were performed for three separate experiments. BEAS-2B cells were (1) unstimulated
or stimulated with poly(l:C) (25 pg/ml) or TNFa (100 ng/ml), or (2) unstimulated or stimulated
with poly(l:C) (25 ug/ml) or infected with RV-1B MOI 1.5 for up to 72 hours. Due to contradictory
evidence regarding TLR7 stimulation in AECs, BEAS-2B were (3) also left unstimulated or
stimulated with gardiquimod (10 pg/ml) for 72 hours. Supernatants were then collected and
CXCL8 and CCL5 production was measured by ELISA.

In the first stimulation experiment, poly(l:C) induced CXCL8 release at all the time points
studied, with a maximal and statistically significant release attained at 48 hours and 72 hours
post stimulation (p<0.05; Figure 3.7A). A substantial induction was observed at 24 hours, but
this was not statistically significant. CCL5 production also significantly increased in response to
poly(Il:C) at 24 hours (p<0.0001), 48 hours (p<0.0001) and maximal level of production at 72
hours post-stimulation (p<0.0001; Figure 3.7B). TNFa also induced production of CXCL8
(Figure 3.7A) and CCL5 (Figure 3.7B). TNFa induced significant CXCL8 production at 24 hours
(p<0.01), 48 hours (p<0.0001) and 72 hours (p<0.0001). CCL5 production increased at 24
hours (not significant), and at 48 and 72 hours was induced significantly (p<0.01 and p<0.01
respectively). In keeping with the literature (Imaizumi et al. 2015, Matsuzaki et al. 2015),
poly(I:C) induced less of the pro-inflammatory chemokine CXCL8 compared to TNFa, but higher

levels of the anti-viral chemokine CCLS5.

In the second stimulation/infection experiment, poly(l:C) induced significant CXCL8 production
at 24 (p<0.0001), 48 (p<0.0001) and 72 hours (p<0.0001) and significant CCL5 at 48 (p<0.01)
and 72 hours (p<0.05; Figure 3.7C and D). RV-1B induced significant CXCL8 at 24 (p<0.01), 48
(p<0.0001) and 72 hours (p<0.0001) and although not statistically significant, CCL5 was
induced at 48 and 72 hours. Interestingly, poly(l:C) induced greater amounts of CXCL8 and
CCL5 than RV-1B.

In response to gardiquimod, there was no induction of CXCL8 (Figure 3.7E) or CCL5 (Figure
3.7F) over the 72 hour period.
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Figure 3.7. Poly(l:C) / TNFa Stimulation and RV Infection of BEAS-2B Cells Induces
CXCL8 and CCL5 Production

BEAS-2B cells were stimulated with poly(I:C) (25 pg/ml) or TNFa (100 ng/ml) or infected with
RV-1B (MOI 1.5) for the indicated times. Cell-free supernatants were prepared and levels of
CXCL8 and CCL5 was measured by ELISA. Poly(I:C)/TNFa stimulations (A and B) and
poly(l:C)/RV-1B stimulations/infections (C and D) was performed separately and analysed
independently. BEAS-2B cells were also stimulated with gardiquimod (10 pg/ml) for the
indicated times and CXCL8 (E) and CCL5 (F) was analysed by ELISA. Data shown are
mean = SEM, with each replicate representing a separate cell passage (N=3). Significant
differences in chemokine production are indicated by * p<0.05; ** p<0.01; **** p<0.0001,
analysed by two way repeated measures ANOVA with Tukey's post hoc test.
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3.5. Poly(l:C) Stimulation of PBECs Modulates TN-C mRNA Expression and
Induces TN-C Release.

Following the demonstration of increased TN-C mRNA expression, TN-C cell associated
expression and TN-C release in response to poly(l:C) (and release in response to RV) in the
BEAS-2B cell line, the next objective of the study was to investigate how poly(l:C) stimulation

modulated TN-C expression and release in primary cells — PBECs.

3.5.1. Poly(I:C) Stimulation of PBECs Modulates TN-C mRNA Expression

TN-C mRNA expression in PBECs in response to poly(I:C) was first investigated. To determine
total overall TN-C mRNA expression and splice variants present in PBECs in response to

poly(l:C), the experiments were carried out as detailed in Section 3.4.1.

In response to poly(l:C), TN-C mRNA expression increased at 6 hours post stimulation (more
than 2-fold, as measured by TagMan qPCR), although this did not reach statistical significance
(Figure 3.8A). TN-C mRNA levels were also moderately increased compared to the media
control at 24 hours (Figure 3.8B). However, overall TN-C expression (FNIII-7/8), as measured
by SYBR Green gPCR, increased approximately 5-fold in response to poly(l:C) at 24 hours post
stimulation (not statistically significant; Figure 3.8C). The donor variation is again large, with
splice domains FNIII-A3, FNIII-A4 and FNIII-D upregulated 6-15 fold in one donor, marginally in
another, and not at all in the final donor. Correlating with BEAS-2B data, the FNIII-AD2 domain
was not present in PBECs at basal levels or in response to poly(l:C), but low expression of
FNIII-ADI was observed.
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Figure 3.8. Poly(I:C) Stimulation of PBECs Modulates TN-C mRNA Expression

PBECs were treated with poly(I:C) (25 pg/ml) for the indicated times. RNA was extracted from
cell lysates and TN-C mRNA expression was quantified using TagMan guantitative real time
PCR, with data presented as the total RNA copies normalised to GAPDH control. 1-6 hours
(A) and 24-72 hours (B) were conducted in separate experiments and analysed
independently. (C) RNA was extracted at 24 hours post stimulation and specific FNIII splice
domain expression and total TN-C (7/8) expression was quantified using SYBR Green
quantitative real time PCR. Data shown are mean + SEM (N=3-4), with each replicate an
independent PBEC donor. Data analysed by two way repeated measures ANOVA with

Tukey's post hoc test.
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3.5.2. Poly(l:C) Stimulation of PBECs does not Induce Cell-Associated TN-C

Expression

To determine if cell-associated TN-C protein expression was induced in response to poly(l:C),
PBECs were left unstimulated or stimulated with poly(l:C) (25 pg/ml) for up to 72 hours. To
investigate total TN-C protein expression and TN-C variant expression in PBECs in response to
poly(l:C), experiments were carried out as detailed in Section 3.4.2.1.

Analysis of the western blot data revealed large TN-C variants >250 kDa and a smaller variant
at ~250 kDa (Figure 3.9A), correlating with the variants observed in BEAS-2B cells. Poly(l:C)
stimulation of PBECs did not induce TN-C expression when compared to the media controls at
up to 72 hours post-stimulation (Figure 3.9B and 3.9C). Between 1 and 72 hours, the
expression of TN-C protein was unchanged in both the media control and poly(l:C) cohorts.
Interestingly, the positive control TNFa did not induce TN-C protein expression, with levels
similar to the media controls between 24 and 72 hours. Unlike BEAS-2B cells, there was
dominance of larger variants of TN-C present compared to small variants in the media control at
72 hours, and this did not change in response to poly(l:C) (Figure 3.9D).
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Figure 3.9. Poly(l:C) Stimulation of PBECs does not Induce TN-C Protein Expression

PBECs were treated with poly(l:C) (25 pug/ml) for the indicated times. Whole-cell lysates were
analysed by western blotting using antibodies specific to TN-C and R-actin. (A) A
representative image of three independent PBEC donors are shown, with media samples
indicated with M and poly(l:C) samples indicated with P. Densitometry of the top band of all 1-
6 hour blots (B) and 24-72 hours (C) was performed in ImageJ software with TN-C normalised
to B-actin control. (D) Densitometry was performed on both bands at 72 hours in ImageJ
software, and a ratio of large to small variants was calculated. 1-6 hours and 24-72 hours
were conducted in separate experiments and analysed separately. Data shown are mean +
SEM (N=3-4) with each replicate an independent PBEC donor. Data analysed by two way

repeated measures ANOVA with Tukey's post hoc test or paired T-test.
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3.5.3. Poly(I:C) Stimulation of PBECs Induces TN-C Protein Release

The next aim was to investigate whether poly(l:C) stimulation of PBECs induced TN-C release
into the supernatant. To analyse total and variant specific TN-C release in PBECs in response
to poly(Il:C), the experiments were carried out as detailed in Section 3.4.3, apart from that

gardiquimod stimulation was not performed.

From analysis of the western blot data, the >250 kDa and ~250 kDa variants identified in the
cell associated data were also present in the supernatant (Figure 3.10A). There may be two
larger variants, but again it is difficult to distinguish due to their close proximity. Significant TN-C
release was induced at 48 hours (p<0.05) in response to poly(l:C) stimulation, as measured by
western blotting (Figure 3.10B).. TN-C was significantly upregulated in response to poly(l:C) at
48 and 72 hours (p<0.05) post-stimulation as measured by TN-C ELISA, when compared to the
unstimulated 72 hour media control (Figure 3.10C). TN-C release increased from 1 ng/ml to 4.5
ng/ml at 48 hours and 3.9 ng/ml at 72 hours. The large variant was the primary variant released
in both the media control and poly(l:C) stimulated samples. The large to small variant ratio was
3:1 in the media controls, and this increased considerably to approximately 75:1 in the poly(l:C)
stimulated samples (Figure 3.10D). Preliminary results indicate TNFa induced TN-C release

(N=1; Figure 3.10E) but more replicates are needed.

3.5.4. Poly(l:C) Stimulation of PBECs Induces Significant CXCL8 & CCL5 Release

To confirm the poly(l:C) stimulation of PBECs was effective and in keeping with published
literature (Bennett et al. 2012), the production of CXCL8 and CCL5 in response to poly(l:C) was
analysed. The experiment was carried out as described in Section 3.4.4. PBECs and MDMs
were also stimulated with gardiqguimod as per Section 3.4.4. and supernatant analysed for
CXCLS8 (both cell types) and CCL5 (PBEC only).

Poly(l:C) stimulation induced significant CXCL8 (Figure 3.11A) and CCL5 (Figure 3.11B)
production at 24 (p<0.01), 48 hours (p<0.0001) and 72 hours (p<0.0001) post stimulation,
compared to media controls. Compared to CXCL8 and CCL5 production in response to
poly(l:C) in BEAS-2B cells, poly(l:C) induced greater amounts of CXCL8 release in PBECs (17
ng/ml at 72 hours compared to 10 ng/ml), and comparable CCL5 release (approximately 8-10
ng/ml). As in BEAS-2B cells, gardiquimod induced no CXCL8 (Figure 3.11C) or CCL5 (Figure
3.11D) release at any of the time points in PBECs, but induced significant CXCL8 release in

MDM'’s (p<0.001; Figure 3.11E), demonstrating the activity of the gardiquimod used.
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Figure 3.10. Poly(I:C) Stimulation of PBECs Induces the Release of TN-C, with the

Large Splice Variant Being the Main Variant Released

PBECs were treated with poly(l:C) (25 pg/ml) or TNFa (100 ng/ml) for the indicated times.
Cell-free supernatants analysed by western blotting using an antibody specific to TN-C. (A)
All three independent poly(l:C) PBEC donors are shown, with media samples indicated with
M and poly(l:C) samples indicated with P. (B) Densitometry of top band of all poly(l:C) blots
was performed in ImageJ software. (C) Cell-free supernatants in response to poly(l:C) were
prepared and levels of TN-C were measured by ELISA. (D) Densitometry was performed on
both bands at 72 hours in ImageJ software, and a ratio of large to small variants was
calculated. (E) Densitometry of top band of TNFa blot was performed in ImageJ software.
Data shown are mean + SEM with each replicate representing an independent PBEC donor
(poly(I:C) experiments are N=3 with TNFa N=1). Significant differences in TN-C secretion are
indicated by * p<0.05; analysed by two way repeated measures ANOVA with Tukey's post

hoc test, one way ANOVA with Dunnett’s post hoc test or paired T-test
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Figure 3.11. Poly(I:C) Stimulation of PBECs Induces CXCL8 and CCL5 Production

PBECs were treated with poly(l:C) (25 pg/ml) for the indicated times. Cell-free
supernatants were prepared and levels of CXCL8 (A) and CCL5 (B) measured by
ELISA. PBECs were treated with gardiquimod (10 pg/ml) for the indicated times. Cell-
free supernatants were prepared and levels of CXCL8 (C) and CCL5 (D) measured by
ELISA. MDM’s were treated with gardiquimod (10 pg/ml) for 24 hours, cell-free
supernatants were prepared and levels of CXCL8 measured by ELISA. Data shown are
mean * SEM, with each replicate an independent PBEC or MDM donor (N=3).
Significant differences in chemokine production are indicated by ** p<0.01; *** p<0.001;
**** n<0.0001, analysed by two way repeated measures ANOVA with Tukey's post hoc
test.
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3.6. RV-1B Infection of PBECs Induces TN-C Splice mRNA Expression and RV-1B
and RV-16 induced Significant TN-C Release.

Following confirmation that poly(l:C) induced TN-C mRNA expression, cell-associated TN-C
protein expression in BEAS-2B cells and TN-C release in both BEAS-2B cells and PBECs, next,
the ability of RV to induce TN-C expression was determined. TN-C mRNA expression, cell-
associated TN-C expression and TN-C release in PBECs in response to the minor group RV,

serotype RV-1B, and the major group RV, serotype RV-16, was assayed.

3.6.1. RV-1B Infection of PBECs Induces Splice Variant Specific Expression of
TN-C

To investigate total TN-C mRNA and splice specific expression in PBECs in response to RV
infection, cells were left uninfected or infected with RV-1B (MOI 0.6 and 1.5) for up to 72 hours
or RV-16 (MOI 1.5) for up to 48 hours. The experiments were then carried out as detailed in
Section 3.4.1., with the TagMan gPCR carried out for all experiments, and the Splice SYBR
Green gPCR carried out for RV-1B (MOI 0.6) only.

In response to RV-1B (MOI 0.6) infection (Figure 3.12A) and RV-1B (MOI 1.5) infection (Figure
3.12B), there was no change in overall TN-C mRNA expression throughout the timeline. ).
Furthermore, RV-16 also did not induce TN-C mRNA expression at 24 and 48 hours compared
to the unstimulated media controls (Figure 3.12C). Investigation of splice domain expression in
response to RV-1B (MOI 0.6) infection, however, revealed a 4-fold upregulation in the FNIII-C

domain (p<0.0001), despite no change in overall (FNIII-7/8) TN-C expression (Figure 3.12D).
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Figure 3.12. RV Infection of PBECs Induces TN-C FNIII-C Domain mRNA Expression

PBECs were treated with RV-1B (MOI 0.6) (A) or RV-1B (MOI 1.5) (B) or RV-16 (MOI 1.5) (C)
for the indicated times. RNA was extracted from lysates and TN-C mRNA expression was
quantified using a TagMan quantitative real time PCR, with data presented as the total RNA
copies normalised to GAPDH control. (D) RNA was extracted at 24 hours post infection (RV-
1B MOI 0.6) and specific FNIII splice domain expression and total TN-C (7/8) expression was
qguantified using SYBR Green quantitative real time PCR. Data shown are mean + SEM, with
each replicate representing an independent PBEC donor (N=3). Significant differences in TN-
C mRNA copies are indicated by **** p<0.0001, analysed by two way repeated measures
ANOVA with Tukey's post hoc test.
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3.6.2. RV-1B and RV-16 Infection of PBECs does not Induce TN-C Cell Associated

Protein Expression

Next, the aim was to investigate total TN-C and variant specific expression in PBECs in
response to RV-1B and RV-16 infection. Cells were left uninfected or infected with RV-1B (MOI
0.6 and 1.5) for up to 72 hours or RV-16 (MOI 1.5) for up to 48 hours. The experiments were
then carried out as detailed in Section 3.4.2.1.

Analysis of the western blot data again revealed that three TN-C variants were present, two
large variants at >250 kDa and a ~250 kDa TN-C variant (Figure 3.13A). TN-C expression in
both the media controls and RV-1B infected samples increased over the 72 hour time course,
but there were no significant differences between the two groups (Figure 3.13B).. Interestingly,
TN-C expression in response to RV-1B (MOI 1.5) infection differed from RV-1B (MOI 0.6)
infection. At 48 hours, TN-C protein expression was significantly decreased compared to the
media control (p<0.05) (Figure 3.13C). In response to RV-16 there was a 2-fold increase in TN-
C protein expression at 24 hours and a small increase at 48 hours when measured by
densitometry, however this did not reach statistical significance (Figure 3.13D). There was a
dominance of the large variant of TN-C at basal levels (4:1 large to small variant ratio) and this
increased to 6:1 in response to RV-1B (Figure 3.13E).
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Figure 3.13. RV Infection of PBECs Does Not Induce Significant Cell-Associated TN-C

Expression

PBECs were treated with RV-1B (MOI 0.6 or MOI 1.5) or RV-16 (MOI 1.5) for the indicated
times. Whole-cell lysates were analysed by western blotting using antibodies specific to TN-C
and (3-actin. A representative image of three independent PBEC donors is shown, with media
samples indicated with M and RV-1B (MOI 0.6) indicated with R (A). Densitometry of the top
band of all RvV-1B (MOI 0.6) (B) RV-1B (MOI 1.5) (C) and RV-16 (MOI 1.5) (D) blots was
performed in ImageJ software with TN-C normalised to 3-actin control. (E) Densitometry was
performed on both bands at 72 hours of RV-1B (MOI 0.6) samples in ImageJ software, and a
ratio of large to small variants was calculated. Data shown are mean + SEM (N=3-4) with
each replicate an independent PBEC donor. Data analysed by two way repeated measures

ANOVA with Tukey's post hoc test or paired T-test.
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3.6.3. RV-1B and RV-16 Infection of PBECs Induces the Release of TN-C

3.6.3.1. RV-1B and RV-16 Infection of PBECs Induces the Release of TN-C

as Measured by Western Blot

After confirming that RV-1B and RV-16 infection did not induce significant TN-C cell-associated
protein expression, and may in fact decrease TN-C expression (Figure 3.13), the ability of RV-
1B and RV-16 to induce the release of TN-C was investigated. Cells were left uninfected or
infected with RV-1B (MOI 0.6 and 1.5) for up to 72 hours or RV-16 (MOI 1.5) for up to 48 hours.

Western blot analysis was then carried out as detailed in Section 3.4.3.

Analysis of the western blot data revealed that the TN-C variants identified in the cell associated
data was also present in the supernatant, however the large variant was the dominant variant
(Figure 3.14A). Densitometry revealed that in response to RV-1B (MOI 0.6) infection, TN-C
release was significantly increased at 48 (p<0.05) and 72 (p<0.0001) hours compared to the
media controls (Figure 3.14B). In response to RV-1B (MOI 1.5), TN-C release was significantly
increased at 48 hours (p<0.05) as measured by western blot densitometry (Figure 3.14C). In
response to RV-16, TN-C release significantly increased in PBECs compared to the media
control at 24 (p<0.05) and 48 (p<0.01) hours post infection (Figure 3.14D) and in response to
RV-1B infection, the large to small variant ratio was approximately 12:1, with low small variant

expression (Figure 3.14E).

3.6.3.2. RV-1B and RV-16 Infection of PBECs Induces the Release of TN-C
as Measured by ELISA

Next, TN-C release following RV infection was measured by ELISA. Cells were left uninfected or
infected with RV-1B (MOI 0.6 and 1.5) for up to 72 hours or RV-16 (MOI 1.5) for up to 48 hours.
TN-C ELISA analysis was then carried out as detailed in Section 3.4.3.

When measured by ELISA, TN-C release was increased significantly in response to RV-1B
(MOI 0.6) infection at 48 (p<0.05) hours, compared to the 72 hour media control (Figure 3.15A).
TN-C release was increased from 0.5 ng/ml in the media control to 1 ng/ml at 48 and 72 hours
post infection, although the 72 hour increase was not statistically significant. TN-C release in
response to RV-1B (MOI 1.5) increased 3-fold (non-statistically significant) at 48 hours
compared to media control when measured by ELISA (Figure 3.15B). In this experiment,
guantities of TN-C release increased from 2 ng/ml to 6 ng/ml and 5 ng/ml at 48 and 72 hours
post infection respectively. In response to RV-16, TN-C release significantly increased 5-fold at

48 hours, increasing from approximately 0.75 ng/ml to 3.75 ng/ml (p<0.05; Figure 3.15C).
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Figure 3.14. RV Infection of PBECs Induces Significant TN-C Release as Measured by

Western Blot and the Larger Splice Variant is the Main Variant Released

PBECs were treated with RV-1B (MOI 0.6), RV-1B (MOI 1.5) or RV-16 (MOI 1.5) for the
indicated times. Cell-free supernatants analysed by western blotting using an antibody
specific to TN-C. (A) All three independent PBEC donors of the RV-1B MOI 0.6 experiment
are shown, with media samples indicated with M and RV samples indicated with R.
Densitometry of the large variant was performed in ImageJ software for the RV-1B (MOI 0.6)
(B), RV-1B (MOI 1.5) (C) and RV-16 (MOI 1.5) (D) experiments. Densitometry was performed
on both variants in the 72 hour samples of the RV-1B (MOI 0.6) infection experiments in
ImageJ software, and a ratio of large to small variants was calculated (E). Data shown are
mean + SEM (N=3) with each replicate an independent PBEC donor. Significant differences in
TN-C secretion are indicated by * p<0.05; ** p<0.01; **** p<0.0001, analysed by two way

repeated measures ANOVA with Tukey's post hoc test or paired T-test.
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Figure 3.15. RV Infection of PBECs Induces Significant TN-C Release as Measured by
ELISA

PBECs were treated with RV-1B (MOI 0.6), RV-1B (MOI 1.5) or RV-16 (MOI 1.5) for the
indicated times. Cell-free supernatants were prepared and levels of TN-C produced in
response to RV-1B (MOI 0.6) (A), RV-1B (MOI 1.5) (B) and RV-16 (MOI 1.5) (C) were
measured by ELISA. Data shown are mean = SEM (N=3) with each replicate an
independent PBEC donor. Significant differences in TN-C secretion are indicated by *
p<0.05, analysed by one way Repeated Measures ANOVA with Dunnett’s post hoc test or

two way repeated measures ANOVA with Tukey's post hoc test.
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3.6.4. RV-1B and RV-16 Infection of PBECs Induces Significant Production of
CXCL8 and CCL5

To validate whether RV infection was successful, PBECs were infected with the RV and CXCL8
and CCL5 production was measured. PBECs were left uninfected or infected with RV-1B (MOI
1.5) for up to 72 hours or RV-16 (MOI 1.5) for up to 48 hours and experiments were carried out
as described in Section 3.4.4.

RV-1B (MOI 1.5) induced significant CXCL8 induction at 72 hours (p<0.001; Figure 3.16A) and
significant CCL5 levels at 48 (p<0.01) and 72 (p<0.05) hours post infection. CXCL8 and CCL5
production at 24 hours in response to RV-16 was unchanged from the media control (Figure
3.16C and 3.16D). However, RV-16 induced both CXCL8 and CCL5 at 48 hours post infection,

although this did not reach statistical significance.

3.6.5. Basal Levels of TN-C mRNA and Cell-Associated Protein is Increased in
PBECs Compared to BEAS-2B Cells

To compare basal TN-C mRNA expression between BEAS-2B and PBECs, basal TN-C mRNA
expression quantified from BEAS-2B and PBEC experiments (Figure 3.2B and 3.8B) were
plotted on the same graph, and to compare basal cell associated TN-C expression between
BEAS-2B and PBECs, basal TN-C protein expression data quantified from BEAS-2B and PBEC

experiments (Figure 3.3C and Figure 3.13B) were plotted on the same graph.

Interestingly, basal TN-C mRNA levels were significantly greater in PBECs compared to BEAS-
2B cells at 48 (3-fold; p<0.05) and 72 hours (9-fold; p<0.05), and although not significant, a 4-
fold increase was observed at 24 hours (Figure 3.17A). Furthermore, the basal levels of TN-C
cell-associated protein expression in PBECs was 3-fold greater compared to BEAS-2B cells at
48 hours (p<0.05), with approximately 5-fold greater at 24 hours and 72 hours, although this did

not reach statistical significance (Figure 3.17B).
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Figure 3.16. RV Infection of PBECs Induces CXCL8 and CCL5 Production in PBECs

PBECs were treated with RV-1B (MOI 1.5) or RV-16 (MOI 1.5) for the indicated times. Cell-
free supernatants were prepared and levels of CXCL8 (A and C) and CCL5 (B and D)
measured by ELISA. Data shown are mean + SEM, with each replicate an independent
PBEC donor (N=3). Significant differences in chemokine production are indicated by *
p<0.05; ** p<0.01; *** p<0.001, analysed by two way repeated measures ANOVA with

Tukey's post hoc test.

100



>
-
W
N

393 BEAS-2B
Il PBEC

o

N

o
1

3 BEAS-2B
Il PBEC

0.154

——
—t—
——
0.101 .
2
0.054
T T T T T
48 72 24 48 72

24

TN-C Protein Expression
Normalised To Control

RNA Normalised to GAPDH

Basal Levels of TN-C mRNA in 500g
o
o
o

Time (Hours) Time (Hours)

Figure 3.17. Basal TN-C mRNA and Cell-Associated Protein Expression is
Significantly Higher in PBECs Compared to BEAS-2B Cells.

Basal TN-C mRNA expression quantified from BEAS-2B and PBEC experiments (Figures
3.2B and Figure 3.8B respectively) were compared (A) and basal cell-associated TN-C
protein expression quantified from BEAS-2B and PBEC experiments (Figure 3.3B and
Figure 3.13B respectively) were compared (B). Data shown are mean £ SEM (N=3) with
each replicate an independent BEAS-2B cell passage or PBEC donor. Significant
differences in TN-C expression are indicated by * p<0.05, analysed by two way repeated

measures ANOVA with Tukey's post hoc test.
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3.7. TN-C Expression and Release at Basal Levels and in Response to RV is More

Pronounced in Atopic Asthmatic PBECs

The final aim of the chapter was to investigate TN-C mRNA expression and TN-C protein
release in response to RV infection in PBECs from AA patients, and whether RV induced
greater TN-C expression and release in AA compared to NANA PBECs. To investigate total TN-
C expression and release in NANA and AA PBECs, mRNA and supernatants were obtained
from AA and NANA patient PBECs that had been infected with RV-1B and RV-16 (as part of the
ALLIANCE study from Dr Mike Edwards at Imperial College London). The TagMan gPCR and
western blot experiments were then carried out as detailed in Section 3.4.1 and 3.4.3.

Furthermore, a BCA was performed to analyse the overall protein concentration of the samples.

TN-C mRNA expression at the 6 hours unstimulated media control and in response to RV-1B
and RV-16 was largely unchanged in the NANA PBECs (Figure 3.18A). In AA PBECs, there
was an increase in TN-C mRNA expression (non-statistically significant) in the unstimulated
media control and in response to both RV-1B (p=0.08) and RV-16 in the AA PBECs. There was
a consistent pattern of three out of the five donors having increased TN-C expression in
response to RV, with two donors at the same level as NANA PBECs. At 24 hours, there was
again a trend of increased TN-C mRNA expression in the AA media control compared to NANA
media control, but this was not statistically significant. In response to RV-1B and RV-16, there
was similar induction of TN-C expression between NANA and AA samples. Of note, significant
TN-C mRNA expression was observed in the NANA RV-1B samples compared to the NANA
media control (p<0.05). When 6 and 24 hours TN-C mRNA were compared, AA samples had a
consistently high TN-C expression, whilst NANA TN-C mRNA expression was initially low at 6

hours and increased at 24 hours in response to RV.

TN-C was released in response to RV-1B and 16, in both the NANA and AA PBECs (one
representative blot shown; Figure 3.18B). Whilst there was a small increase in TN-C expression
in NANA cells in response to RV-1B and RV-16 at 24 hours, it was not statistically significant
(Figure 3.18C), however, TN-C was significantly induced compared to the unstimulated media
control in response to RV-16 (p<0.01) in AA PBECs. In the unstimulated media controls, there
was increased TN-C release in the AA cells compared to NANA cells, but this was not
statistically significant. Importantly, however, AA cells released significantly more TN-C than
NANA cells in RV-16 (p<0.05). It was also revealed that despite significantly increased TN-C
release in AA cells, there was no significant difference between NANA and AA cells in the fold
change induction of TN-C expression in response to RV-1B and RV-16 (Figure 3.18D). Finally,
the large >250 variant was the main variant of TN-C released at basal levels, in response to RV-
1B and in response to RV-16, both in NANA and AA cells (Figure 3.18E).
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Figure 3.18. RV Infection of NANA PBECs Induces TN-C mRNA Expression and RV
Infection of AA PBECs Induces Greater TN-C Release

MRNA and Cell-free supernatants from NANA and AA PBECSs, infected with RV-1B and RV-
16 for 6 and 24 hours were obtained from the ALLIANCE study. Total TN-C mRNA
expression (FBG domain) was measured using TagMan quantitative real time PCR, with data
presented as the total RNA copies normalised to GAPDH control (A). Samples were analysed
by western blotting using an antibody specific to TN-C (one representative blot shown), with
media samples indicated with M, RV-1B samples indicated with 1B and RV-16 samples
indicated with 16 (B). Densitometry of the top band of all blots were performed in ImageJ
software, and normalised to overall protein concentration (C). The fold induction of TN-C
expression in response to RV-1B and RV-16 was calculated (D). Densitometry was
performed on both bands in ImageJ software, and a ratio of large to small variants was
calculated (E). Data shown are mean = SEM (N=4-5) with each replicate an independent
PBEC donor. Significant differences in TN-C secretion are indicated by * p<0.05; ** p<0.01;
analysed by two way ANOVA with Tukey's post hoc test.
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3.8. Summary and Discussion
3.8.1. Summary

The findings presented in this chapter revealed for the first time a relationship between RV
infection and TN-C expression and release in the airway. This expression and release was
demonstrated to be TLR3 dependent, TLR7 independent and not RV-serotype specific. The
work demonstrated that nasal administration of poly(I:C) to an in vivo mouse model induced TN-
C expression in the BALF, and that poly(l:C) stimulation and RV infection in vitro in AECs
modulated TN-C mRNA expression, cell associated TN-C protein expression and TN-C protein
release. Furthermore, it was demonstrated that both TN-C mRNA and TN-C protein release was
increased in the AECs of asthmatics compared to non-asthmatics, both at basal levels and in

response to RV-1B and RV-16. The results are summarised in Table 3.1.

Table 3.1. - Summary of TN-C Expression and Release in Response to Poly(I:C) and RV

Legend: v' = Induction of Expression / Release * = No Induction of Expression / Release

Figures Sample  Type | Stimulus TN-C Cell-Associated TN-C

(Species) MRNA TN-C Increase Release
Increase Increase

3.1 BALF (Mouse) Poly(l:C) N/A N/A v

3.2, 3.3, 3.4, | BEAS-2B Poly(l:C) v v v

3.5,3.6 (Human)

3.8, 3.9, | PBECs (Human) | Poly(l:C) x x v

3.10

3.12, 3.13, | PBECs (Human) | RV-1B v x v

3.14, 3.15,

3.18

3.12, 3.13, | PBECs (Human) | RV-16 x x v

3.14, 3.15

3.18 PBECs (Human | RV-1B and | v N/A v
AA) RV-16
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3.8.2. The Roles of the Splice Variants Identified in Mouse BALF and AECs

The data in this chapter identified for the first time that poly(l:C) and RV induced subtle changes
to the structure of the protein, with the predominance of certain alternatively spliced domains
and isoform size following infection in AECs. Multiple splice variants of TN-C (both mRNA and
protein) have been identified in mouse BALF and / or human bronchial epithelial cells in this
chapter, with small ~250 kDa isoforms and larger >250 kDa isoforms present. In mice BALF, the
smaller isoforms seemed to predominate, whilst there was a greater proportion of large isoforms

present in AECs.

A number of caveats exist however, when using western blot molecular weight markers to
measure the size of the TN-C protein. First, the large isoform could not be given a definite size,
due to it be being above the top molecular weight marker on the molecular weight ladder.
Furthermore, unpublished work in the Midwood lab has also found that the molecular weight of
TN-C can vary as much as 40 kDa, depending on a number of factors, such as the molecular
weight ladder and type of gel (percentage of acrylamide, contents of the gel etc.) used. Nuclear
magnetic resonance or single molecule spectroscopy can be used to calculate the molecular
weight of proteins more accurately, but these are expensive, especially for large molecular
weight proteins (Kleckner and Foster 2011, Tian et al. 2015). Due to these issues, the
discussion will therefore cover a number of large isoforms from 280-330 kDa and it must be

noted that it is difficult to directly compare between studies.

The ~250 kDa mouse variant has been previously been demonstrated to be present in the
striated leg muscle, where it is dominantly expressed over the ~200 kDa variant (Fluck et al.
2008). It has also been demonstrated to be present in mouse embryonic fibroblasts, where it is
upregulated in response to basic fibroblast growth factor and again predominates over a ~200
kDa splice variant (Tucker et al. 1993). Mouse embryonic fibroblasts that have higher
percentage expression of the ~200 kDa variant are more strongly attached to the substratum,
whereas those with a higher proportion of ~250 kDa variant expression are more rounded and
are loosely attached (Tucker et al. 1993). As TN-C is vital for the movement of neuronal cell
bodies in the embryo, it can be determined the ~250 kDa variant has the function of affecting
cell adhesion and cell migration. In the mouse leg, the predominance of the ~250 kDa variant
and induction in response to mechanical stress is thought to be vital in the wound healing
response and regeneration of mouse muscle fibres, as TN-C KO mice do not initiate the repair
system (Fluck et al. 2008). In humans, the ~250 kDa has previously been identified in airway
RBM samples from asthmatic patients, alongside ~190 kDa variants (Laitinen et al. 1997) and in
lung cancer tissues it is expressed less than ~190 kDa isoforms but more than ~220 kDa
variants (Kusagawa et al. 1998). Additionally, in oesophageal carcinomas, the ~250 kDa variant
is expressed alongside ~310 kDa isoforms (Yang et al. 2016). In the lung cancer study and
oesophageal carcinoma study, the ~250 kDa isoform was weakly expressed in normal lungs
and normal oesophageal tissue, leading to the conclusion that this isoform is vital for cancer cell

metastasis and adhesion modulation (Kusagawa et al. 1998, Yang et al. 2016). Furthermore,
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the presence of any TN-C isoform was unable to be detected in non-asthmatic airway RBM
samples, leading to the conclusion that TN-C (including the ~250 kDa variant) is required for the
constant wound healing response that occurs during airway remodelling in the airway of
asthmatics.

In mice, large variants have been described previously in a number of locations, such as
embryonic fibroblasts (Brellier et al. 2011) and in joint inflammation (Midwood et al. 2009). In
humans, the FNIII-C domain of TN-C has been demonstrated to be absent from healthy tissues,
present in proliferating cells and expressed in glioblastoma (Carnemolla et al. 1999), breast
cancer (Tsunoda et al. 2003) and lung cancer (Silacci et al. 2006). This domain is therefore
associated with cell migration, cell proliferation and cancer metastasis. A number of large
protein isoforms exist, with the majority ~280 kDa, ~320 kDa and ~330 kDa in size. As a large
proportion of TN-C research has been concerned with the role of the protein in cancer, this is
where the bulk of the isoforms have been identified (see Table 3.1.). The most interesting
isoform is perhaps the ~320 kDa isoform, which has been identified in the synovia of RA
patients (Midwood et al. 2009, Goh et al. 2010, Page et al. 2012), is expressed in higher
guantities in chondrosarcoma compared to healthy human chondrocytes (Ghert et al. 2001a)
and is produced in human dermal fibroblasts in response to IL-13 (Jinnin et al. 2006). This
isoform of TN-C is a potent inducer of inflammation (through FBG-TLR4 induced inflammation in
synovial macrophages), is expressed in much higher quantities in the RA synovia compared to
non-RA synovia and the protein’s expression in RA synovia is controlled through an
inflammatory autocrine transcription loop, meaning it is a biomarker of disease severity in RA
(Midwood et al. 2009, Goh et al. 2010). The ~320 kDa variant may also be associated with
inflammation in the cancer stroma (Ghert et al. 2001a, Ghert et al. 2001b). The ~280 kDa
isoform has also been shown to be pro-apoptotic in myocytes, is present in carotid atheroma
and may induce inflammation leading to the formation of atheroma, demonstrating that it is not
just the ~320 kDa variant of TN-C that can drive inflammation (Wallner et al. 2004, Golledge et
al. 2011). Furthermore, whilst TN-C was originally established to modulate the adhesive
properties in tumour cells, it is now thought to also be an important driver in cancer-associated
inflammation (demonstrated through its inflammatory potential in the RA synovia and other
tissues), and thus further aiding metastasis and tumour progression (Midwood and Orend
2009).

The results from this study demonstrate that the large >250 kDa variant (a variant closely
associated with inflammation) predominates in AECs. These results are also interesting as they
demonstrate differences in TN-C splice variant expression between mice and humans. Despite

homology of 72% (www.ncbi.nim.nih.gov/homologene) between mouse and human TN-C,

differences do exist that could affect the structure and function of the protein in the two species.
For example, although mouse TN-C contain a TA, EGF-Like, FNIll-Like and FBG domains,
human TN-C has 8 constitutive FNIlI-domains, compared to 6 for mice (Joester and Faissner

1999, Giblin and Midwood 2015). Due to structural differences, expression differences and
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potential functional differences, it can be concluded that extensive studies in human cells are
required alongside mouse studies in order to fully reveal the function and expression profile of
TN-C.

3.8.3. TN-C was Significantly Upregulated in Response to Poly(I:C) In Vivo and May Play a

Protective Role

In response to poly(l:C) stimulation, significant TN-C expression was induced in the BALF of WT

C57BL/6 mice at 48 hours and furthermore, this may correlate with KC production (Figure 3.1).

Whilst a previous study correlated TN-C expression and airway hyperresponsiveness in an
asthmatic mouse model (Nakahara et al. 2006), there is currently a lack of evidence of TN-C
expression in the airway of mice following RV infection. Although, RV infection of mice can
induce cytokine and IFN release, MUCS5B production, lung eosinophilia and virus specific
antibodies (Bartlett et al. 2008, Nagarkar et al. 2010), RV-infection mouse models are currently
limited (Jacobs et al. 2013). There are no murine-specific rhinoviruses and RV infection of mice
requires an unnaturally high MOI during infection, with a steep decline in titre from 12 hours,
meaning there is limited viral replication and subsequent viral response (Jacobs et al. 2013).
Due to this, it was decided that the poly(l:C) intranasal stimulation of mice was the best model

to investigate in vivo viral induced-TN-C expression.

TN-C expression in the BALF of WT C57BL/6 mice was present in low quantities in response to
PBS (Figure 3.1). This low airway expression of TN-C is in keeping with mouse transcriptome
data from healthy adult mouse lung (Yue et al. 2014) and immunohistochemical staining of
mouse bronchus and lungs following inhaled saline or PBS treatment (Nakahara et al. 2006,
Meuronen et al. 2011). TN-C expression remained low in response to poly(l:C) at 24 hours,
however, there was a large and statistically significant upregulation of TN-C expression in
response to 48-hour poly(l:C) stimulation (Figure 3.1). Of note, there seemed to be a large
variation in the magnitude of TN-C upregulation in the poly(l:C) treated mice, with the largest
TN-C expression five times greater than the lowest. The distinct bands observed on the western
blot are determined to be different variants of TN-C due to the mouse TN-C antibody being
targeted towards the N terminus region. The ~250 kDa isoform was the predominant splice
variant expressed in response to both PBS and poly(l:C), with a 3-4:1 expression ratio over the
larger >250 kDa variant (Figure 3.1E; Table 3.1). As described in Section 3.8.2, the ~250 kDa
isoform has been demonstrated to be vital in wound healing, cell adhesion modulation and
muscle repair. Hence, it can be postulated that the observed TN-C upregulation in this study
following poly(l:C) stimulation may indicate a protective role for TN-C in response to RV
infection, initiating the wound healing response to damage caused in the airway by infection.
Furthermore, only two distinct mouse lung TN-C RNA isoforms have been previously described,
7 kilobase and 8 kilobase (Saga et al. 1991, Ocklind et al. 1993, Giblin and Midwood 2015),
which could potentially correlate with the two protein isoforms described in this study.
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The Pearson’s correlation coefficient seems to indicate that there is no correlation between
concentration of KC release and TN-C expression (R°=0.09722; Figure 3.3C), with the highest
guantity of TN-C expressed in the BALF associated with the lowest quantity of KC and CCL5
(Mouse 3). This may be an anomaly however, and if Mouse 3 is removed from the correlation
calculation, TN-C expression in the BALF forms a positive correlation with KC expression
(R?=0895). This therefore needs to be investigated further, with literature that demonstrates that
inflammatory cytokines (such as TNFa and TGF-f) are transcriptional regulators of TN-C in rats
and humans (Zhao and Young 1995, Nakamura et al. 2004) supporting this potential finding.

These results revealed for the first time, an in vivo link between TLR3 stimulation (and therefore
viral infection) and TN-C expression in the airway. This data therefore provided a proof of
principle before transitioning into in vitro human cell investigation. Unfortunately, only BALF
could be obtained from the mice (due to the samples being donated from another study), and
therefore it was not possible to perform immunohistochemistry on the lung and airway tissue,
which would have allowed further investigation into TN-C expression in response to poly(l:C) in

Vivo.

3.8.4. AEC Response to RV is TLR3 and not TLR7 Dependent in AECs

Both BEAS-2B (Figure 3.7) and PBECs (Figure 3.11 and 3.16) responded to poly(l:C)
stimulation and RV infection, but not gardiquimod stimulation, as measured by CXCL8 and
CCLS5 release. The gardiquimod used was determined to be active, with stimulation of MDMs

inducing significant CXCL8 release (Figure 3.11E).

Upon RV infection, virions have the ability to interact with a myriad of TLRs and RLRs, including
TLR3, TLR2, MDA5 and RIG-I. There is, however, conflicting evidence about whether TLR7
plays a role in RV infection of AECs (Section 1.2.4.). TLR7 has mainly been demonstrated to
signal in response to RV infection in other cell types, such as mice in vivo (Hatchwell et al.
2015), human dendritic cells (Diebold et al. 2004, Heil et al. 2004) and human macrophage cells
(Heil et al. 2004). Data from this chapter revealed that TLR3 stimulation by poly(l:C) induced
significant CXCL8 and CCL5 release in BEAS-2B and PBECs, but TLR7 stimulation by
gardiguimod did not, in keeping with multiple other studies in the field (Sha et al. 2004, Parker et
al. 2008, Slater et al. 2010). These studies demonstrated either low TLR7 expression, or a lack
of response to TLR7 agonists, in AECs. PBECs are the primary site for RV infection and
replication in humans in vivo, and although TLR7 may elicit a response to RV in other cell types,
this study correlates with the majority of the evidence in the field demonstrating no role for TLR7
in PBEC RV infection. The data in this chapter confirms that poly(l:C) stimulation and RV
infection both induce significant CXCL8 and CCL5 release in AECs and therefore it can be
concluded that TLR3 signalling is required for a sufficient response to RV infection, drawing a

parallel with previous work demonstrating the requirement of TLR3 for a sufficient anti-viral
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response to RV (Hewson et al. 2005). Furthermore, these results are of relevance and are
important as they determine that the observed results described in the rest of this study are
likely to be TLR3-dependent and TLR7-independent.

3.8.5. TN-C mRNA is Modulated in Response to TLR3 Stimulation and RV Infection

3.8.5.1. Total TN-C mRNA is Upregulated in Response to Poly(l:C) and RV-1B in
AECs, but may be Donor Specific

In response to poly(l:C), TN-C mRNA was significantly upregulated at 4, 6, 8 and 24 hours in
BEAS-2B cells, before falling to baseline at 48 and 72 hours (Figure 3.2). Interestingly, although
this could not be replicated in PBECs in response to poly(l:C) (Figure 3.8) or RV infection
experiments from PBECs obtained from the PromoCell (Figure 3.12), RV-1B did induce
significant TN-C mRNA expression at 24 hours in the NANA PBECs obtained from the
ALLIANCE study (Figure 3.18).

In BEAS-2B cells, the TN-C mRNA levels did not increase throughout the experiment timeline in
the media controls and interestingly, poly(l:C) induced similar levels of upregulation as TNFa (a
known transcriptional regulator of TN-C), with approximately a 6-fold induction of TN-C mRNA.
The work in this study demonstrates a larger scale of TN-C mRNA upregulation (approximately
5-10-fold) than the Proud et al study, which described approximately 3-fold induction of TN-C
MRNA in nasal scrapings taken following 3-4 week RV infection in human volunteers (Proud et
al. 2008). This may demonstrate that greater upregulation occurs in AECs (the main site of RV
replication) and that time of peak expression may be at the point of initial infection, rather than
weeks after. Additionally, the timeline of TN-C mRNA upregulation following RV infection in
BEAS-2B cells (upregulated from 4 hours, with the peak at 24 hours) fits with a number of
studies investigating the upregulation of TN-C mRNA. For example, in airway fibroblasts treated
with TGF-3, despite no observable induction of TN-C at 4 hours post stimulation, there was a
large upregulation at 24 hours (Estany et al. 2014). TNFa treatment of airway fibroblasts also
induced considerable TN-C expression from 3 hours onwards, with the largest upregulation at
24 hours (Nakamura et al. 2004).

There are a number of potential reasons that may explain the discrepancy in the qPCR results
in this study, which describes TN-C mRNA upregulation in some experiments, but not in others.
It is important to note that the basal levels of TN-C mRNA are approximately 2-5 times higher in
PBECs compared to BEAS-2B cells throughout the experiment (Figure 3.17). It can be
theorised, therefore, that this higher TN-C basal expression in PBECs means upregulation of
TN-C mRNA in response to viral infection is either not required, or is not as pronounced as in
the BEAS-2B cells. This is further evidenced by the results in Figure 3.18, which demonstrate
that despite similar upregulation in TN-C mRNA in response to RV-1B in NANA and AA PBECs,

only the induction in NANA samples was statistically significant, due to higher basal levels of
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TN-C mRNA in the AA samples. There is large donor variability in PBECs to infection
susceptibility, cytokine / chemokine release and cell cytotoxicity in response to RV and this may
explain as to why total TN-C mRNA expression was induced in response to RV-1B in Figure
3.18 but not 3.12, as different donors were used. These two experiments also had different
replicate numbers (N=3 and N=5), with a power calculation for Figure 3.12A revealing that an N
of 3 only gave 20% power and that for a power of 80%, an N of 14 would be needed (which is
not possible, due to the number of PBEC donors available). A feasible experiment in the future

however, would be to boost N numbers to the maximum number of donors possible.

3.8.5.2. TN-C Splice Specific mMRNA Expression is Upregulated in Response to RV
Infection in AECs

TN-C is a large multi-domain ECM glycoprotein, with the expression of FNIII-domains controlled
by alternative splicing (Midwood et al. 2016). The TagMan gPCR data described in Section
3.8.4.1. is limited by the fact that the primers binds to the FBG domain only (which is
constitutively expressed and therefore measures overall TN-C expression). This assay therefore
cannot investigate any changes in the expression of TN-C FNIII splice domains. A SYBR Green
gPCR was therefore performed in order to analyse the expression of every alternatively spliced
domain (FNIII-A1-D) and overall TN-C (FNIII-7/8). The BEAS-2B SYBR green qPCR correlated
with the TagMan gPCR from the same experiment, with an upregulation of overall TN-C at 24
hours post poly(l:C) and TNFa stimulation. Furthermore, in response to poly(l:C), there is a
potential upregulation of the FNIII-A2, FNIII-B, FNIII-C and FNIII-D domains. Interestingly, the
splice domain expression profile in response to poly(l:C) is distinct from that induced by TNFa,
which induced FNIII-AD1, FNIII-C and FNIII-D expression. The large error bars are a limitation
of this experiment, and further donor numbers are required to elucidate more information. In
PBECs, there is a disconnect between the SYBR green and TagMan qPCR experiments, with
the SYBR-Green experiment demonstrating a 5-fold increase in overall TN-C. Selective splice
domain upregulation (FNIII-A3, FNIII-A4 and FNIII-D) was also observed in response to
poly(l:C). Furthermore, in response to RV, despite no overall TN-C mRNA expression observed
(correlating with the TagMan experiment); there is a statistically significant 3-fold increase of the
FNIII-C splice domain, as well as potential upregulation in FNIII-A4 and FNIII-B. Finally, FNIII-
AD1 domain is present at only very low levels and is not upregulated in response to poly(l:C)
and RV-1B, whilst FNIII-AD2 is not present at all.

Whilst it has previously been demonstrated that TGF-B, TNFa, IFNy and IL-4 (among others)
can induce the expression of TN-C FNIIl domains (Latijnhouwers et al. 2000), these results
demonstrate for the first time that RV infection can change the splice profile of the protein. The
domains induced also give an indication of the function of the protein, based on previous
studies analysing the effects of FNIII expression. A specific SNP in the FNIII-D domain strongly
associates with the prevalence of asthma, potentially through reducing the elasticity of the

protein, affecting the stiffness and integrity and contributing further to airway remodelling
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(Matsuda et al. 2005). The specific upregulation of this domain in AECs in response to TLR3
stimulation / viral infection is therefore of importance, as it can be hypothesised that if
asthmatics already have a genetic predisposition to FNIII-D expression, viral infection could
further exacerbate this. Additionally, FNIII-D has previously been proven to induce
phospholipase C expression in rats (Michele and Faissner 2009) and phospholipase C induces
airway smooth muscle contraction through Ca®* release (McGraw et al. 2003). More research is
required, but FNIII-D upregulation in response to TLR3 stimulation may also impact upon this
pathway, detrimentally affecting the asthmatic airway. As described in Section 3.8.2., the FNIII-
C domain is strongly associated with proliferating cells and disease, mainly being described as
being associated with cancers such as lung cancer and glioblastoma tumours, whilst being
absent from healthy tissues (Carnemolla et al. 1999, Silacci et al. 2006, Giblin and Midwood
2015). Although the exact function of the FNIII-C domain is unclear, upregulation in response to
RV infection seems to induce a disease splice specific variant of TN-C, which may lead to
proliferation of cells during airway remodelling or migration of immune cells during airway
hyperresponsiveness. Interestingly, work investigating TN-C splice domain expression reported
that FNIII-C in mice was only expressed alongside FNIII-D (Joester and Faissner 1999, Giblin
and Midwood 2015) and thus the results of the RV infection work may suggest differential
regulation in humans. It must also be noted however, that as this assay measures fold change
in MRNA, FNIII-D may already be expressed and therefore may not need to be upregulated in
large amounts. The lack of upregulation of FNIII-AD1 in AECs is to be expected, due to its
normal association with cancerous cells and absence in lung fibroblasts (Garwood et al. 2012)
and the absence of FNIII-AD2 is explained as it is thought to be preferentially expressed
alongside FNIII-AD1 (Mighell et al. 1997).

Importantly, this study reveals that poly(l:C) stimulation has the capacity in BEAS-2B cells to
induce similar levels of TN-C mRNA expression as TNFa (a known transcriptional regulator of
TN-C). Despite a lack of statistically significant overall TN-C mRNA upregulation in some
PBECs in response to poly(l:C) and RV, there are nuanced changes to alternatively spliced
domains, which have been demonstrated to have a profound effect on protein expression and
function. This mechanism, therefore, could play a vital role in airway remodelling and airway
hyperresponsiveness and future work analysing splice variants in depth will reveal the extent to

which TN-C splice variants play a role in asthma pathogenesis and RV-induced exacerbations.

3.8.6. TN-C Cell-Associated Protein Expression Induction in Response to RV

3.8.6.1. Total TN-C Protein is Upregulated in Response to Poly(l:C) in BEAS-2B
Cells but not in Response to Poly(l:C) and RV infection PBECs

In BEAS-2B cells, cell-associated TN-C protein was significantly upregulated in response to
poly(l:C) (Figure 3.3 and 3.4) however in PBECs, poly(I:C) (Figure 3.9), RV-1B or RV-16 (Figure
3.13), did not induce any significant TN-C expression. To investigate these discrepancies, the
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basal levels of TN-C in the BEAS-2B and PBEC experiments were compared. This revealed a
much larger basal level of TN-C protein expression in PBECs compared to BEAS-2B cells, with

significantly more expression at 48 hours post RV-1B infection (Figure 3.17).

Interestingly, the temporal upregulation of TN-C protein expression in BEAS-2B cells following
poly(I:C) stimulation correlated with the timeline of expression following TGF-B and TNFa
treatment of airway fibroblasts, with induction occurring between 24 and 48 hours (Nakamura et
al. 2004, Estany et al. 2014). Additionally, IL-4 and IL-13 stimulation of dermal fibroblasts
induced TN-C upregulation at 24 hours post stimulation (Jinnin et al. 2006). This may suggest
that these cytokines generated following RV infection are responsible for the induction of TN-C
expression, but more research is required. The immunofluorescence data (Figure 3.4. and 3.5.)
also suggested that TN-C is present in the cytoplasm of AECs and is upregulated following RV-
infection, with the location of expression (in the cytoplasm) correlating with data in other studies
investigating TN-C expression in tumour cells (Brunner et al. 2004) and skin biopsies (Afsar,
Aktas and Diniz 2011).

In this study, multiple differences have been described between BEAS-2B cells and PBECs
regarding TN-C mRNA and protein expression. BEAS-2B cells are used in this study as they
closely resemble PBECs, but there are differences between BEAS-2B cells and PBECs that
could help to explain the variation in results. BEAS-2B cells are a bronchial epithelial cell line
that is immortalised with AD12-SV40 virus, whereas PBECs are cells taken from the airway of
healthy volunteers during biopsy (Reddel et al. 1988, Stewart et al. 2012). PBECs have a
limited passage number but form monolayers, secrete cytokines and are also able to secrete
MUC and form tight junctions. On the other hand, BEAS-2B cells are more resistant to cell
death, can be passaged extensively, are able to form confluent monolayers and can express
cytokines, but there is contrasting evidence as to whether they can form tight junctions and
secrete MUCs (Reddel et al. 1988, Noah et al. 1995, BeruBe et al. 2010). This contrasting
evidence may be because BEAS-2B are susceptible to physiological changes such as ATP
production and oxygen consumption depending on culture conditions (Zhao and Klimecki 2015),
and thus it can be postulated that this may impact tight junction formation, MUC secretion etc.
BEAS-2B cells also produce more pro-inflammatory cytokines to the bacterial molecule LPS
compared to primary PBECs (Mayer et al. 2007). Previous work from our lab has demonstrated
that RV viral replication (quantified by concentration of intracellular viral RNA) and cytokine /
chemokine release produced in response to infection is very similar between BEAS-2B and
PBECs (Stokes et al. 2016) and thus the differences in TN-C expression may not be due to viral
response but due to differences in cell culture between the two cell types. TN-C is known to be
induced by mechanotransduction and cyclic strain (Fluck et al. 2008, Maier et al. 2008,
Imanaka-Yoshida and Aoki 2014) and PBECs may therefore be more susceptible than BEAS-
2B cells to mechanotransduction-induction of TN-C. Due to mechanotransduction, the act of
plating the cells onto the culture plates may be enough to induce expression, and BEAS-2B are

plated and left 1-4 days to grow to full confluency before use, whilst PBECs require 7-10 days to
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reach confluency, which therefore may affect basal TN-C expression. Furthermore, rather than
induction of overall TN-C expression, there may be induced changes to the TN-C FNIII domain
expression (such as FNIII-C) in response to RV, which may not be detected by current
commercially available antibodies. It should also be noted that the lack of upregulation of cell-
associated TN-C in response to poly(l:C) and RV in PBECs correlates with data in airway
smooth muscle cells, with the observation that an upregulation in perlecan and FN occurred,
despite no induction of TN-C (Kuo et al. 2011).

3.8.6.2. Large and Small Splice Variants of Cell-Associated TN-C Are Equally
Expressed in BEAS-2B Cells, whilst the Larger Variant Predominates in PBECs

The human TN-C antibody used in this study is targeted towards the N terminus region and thus
the distinct bands observed on the western blot are determined to be different variants of TN-C
(Jinnin et al. 2004, Hasegawa et al. 2007, Goh et al. 2010). Interestingly, the ratio between
large (>250 kDa) and small variants (~250 kDa) of cell-associated TN-C differs between BEAS-
2B and PBECs. In BEAS-2B cells, there is almost a 1:1 ratio during both basal conditions and in
response to poly(l:C) (Figure 3.3D), however in PBECs the ratio was 3:1 during basal conditions
and in response to poly(l:C) (Figure 3.9D) and 6:1 in response to RV (Figure 3.13E).

Interestingly these also differ from the predominance of the small variant in mice (Figure 3.1E).

The increase in large:small variant ratio following RV infection indicates a change in the
structure of the TN-C molecule, despite a lack of increase in overall TN-C expression. Each
FNIII domain has a mass of 10 kDa (Giblin and Midwood 2015) and thus incorporation of added
domains into the molecule would result in a change in the expression ratio from small to large
variants (glycosylation can also add to the mass of the protein). This also correlates with the
TN-C splice domain data qPCR data and it can be postulated that an induction in the FNIII-C
domain (or other domains) occurs following infection. Unfortunately, the specific TN-C splice
domains expressed following infection cannot be thoroughly investigated, as commercial TN-C
western blot antibodies are currently targeted at the N-terminal, FBG domain, the constant FNIII
domains or the FNIII-B domain, with no FNIII-C or other FNIII domain antibodies currently

available.

3.8.7. TN-C Release in Response to RV is a Novel Mechanism Following Viral Infection

and the Large TN-C Protein Splice Variant is the Main Variant Released

The results in this chapter demonstrated a novel pathway that has not been previously
described. In BEAS-2B cells and PBECSs, poly(l:C), RV-1B and RV-16 induced significant TN-C
release as measured by western blot, ELISA, or both, between 24 and 72 hours (Figures 3.6,
3.10, 3.14 and 3.15).

In BEAS-2B cells, cell associated TN-C in unstimulated cells is low and thus TN-C mRNA and

protein upregulation occur prior to TN-C release. However, the large release of TN-C in PBECs
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in response to poly(l:C) and RV, despite a lack of induction (in some cases) in TN-C mRNA or
TN-C cell associated protein is an observation that should not be overlooked. Basal levels of
TN-C expression are higher in PBECs compared to BEAS-2B cells and therefore it can be
hypothesised that TN-C may be stored within PBECs in higher quantities. This would then allow
TN-C to be packaged and released quickly in response to infection, and thus less upregulation
in intracellular TN-C expression is required. In addition, despite no induction of overall TN-C
MRNA in PBECs, there is a change in the mRNA splice domain expression profile, with RV
significantly inducing FNIII-C domain expression (Figure 3.3C) and poly(l:C) potentially inducing
a number of FNIII domains (Figure 3.8C). This may translate to the protein level, as an increase
in the ratio of large to small cell associated TN-C splice variant expression was observed in
response to RV (Figure 3.13E). It is well documented that specific TN-C splice variants and
FNIII domains have the ability to bind to different targets and thus the induced change in the
structure would allow the TN-C protein to interact with more target molecules (Giblin and
Midwood 2015). Therefore, it could be theorised that the incorporation of more FNIII domains
following infection could allow already expressed cell-associated TN-C to be released from the
cell. Current projects in the Midwood lab (Kennedy Institute of Rheumatology, University of
Oxford) are focusing on cloning specific FNIIl domains and creating recombinant FNIII proteins,
which would allow for direct investigation into the function of these domains in AECs following

RV infection.

The mechanisms behind this release will be investigated in Chapter 4 and the functions of TN-C
release will be investigated in Chapter 5. As described in Section 3.8.2., whilst the smaller
variants are associated with wound healing, the larger variants of TN-C are expressed at only
low levels in healthy tissues and highly associated with inflammation and disease, such as
inducing TLR4 inflammation in the synovium of RA. The fact that RV infection of AECs induces
the release of specific large TN-C variants, that have a predisposition towards inflammation and

disease in the airway, suggests this is a novel pathway of potential importance.

3.8.8. Atopic Asthmatics Have Higher TN-C mRNA Expression and TN-C Release than

Non-Atopic Non-Asthmatics

In AA PBECs, there was an increase in TN-C mRNA (non-statistically significant) in the 6-hour
media control and in response to RV-1B and RV-16 compared to NANA PBECs (Figure 3.18A).
At 24 hours, significant TN-C induction was observed in response to RV-1B in NANA PBECs
compared to the media control, but not in AA PBECs, despite a similar level of expression. This
was due again to elevated levels of TN-C mRNA expression at the 24-hour media control in the
AA samples compared to the NANA samples (not-statistically significant). Furthermore, RV-1B
and RV-16 induced significant TN-C release compared to the unstimulated control at 24 hours
post infection (Figure 3.18B). Another important observation was that the amount of TN-C

released was also significantly higher than that induced by NANA PBECs in response to both
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RV serotypes. There was also no significant difference in the fold induction of TN-C release in
response to RV between AA and NANA samples (Figure 3.18D). Finally, the main isoform
released was the large splice variant, with the ratio of large to small variants as high as 35:1 in
AA samples (Figure 3.18E).

These results demonstrate for the first time that TN-C release in response to RV is greater in an
asthmatic disease setting. Furthermore, this is the first confirmation that TN-C release in AA
PBECs is greater at basal levels compared to NANA PBECs. The higher basal levels of TN-C
release in AA PBECs compared with NANA PBECs in this study correlates with previous data
investigating asthmatic TN-C expression, with cell associated TN-C expression increased in the
basement membrane of asthmatic patients compared to non-asthmatic controls (Laitinen et al.
1997) and in the lungs of an Ova-sensitised mouse model of asthma compared to saline treated
controls (Nakahara et al. 2006). The main TN-C isoform released at basal levels and TN-C was
the large isoform associated with disease and inflammation (Section 3.8.2.) and RV-1B induced
almost a 3-fold increase in the expression of large:small variant expression. This is important as
it demonstrates that RV infection of AA PBECs can not only induce TN-C release, but can also
induce the expression of a particularly pro-inflammatory variant of the protein. With the levels of
TN-C protein expression increased in the RBM of asthmatics compared to non-asthmatics
(Laitinen et al. 1997), potential increased mMRNA expression in AA PBECs compared to NANA
PBECs (Figure 3.18) and RV inducing greater TN-C release in AA PBECs (Figure 3.18), it could
be theorised that AA PBECs have higher basal levels of TN-C present, leading to a more
pronounced induction of TN-C release in response to RV infection. This theory is further
bolstered by the observation of a similar fold in upregulation of TN-C release in NANA and AA
PBECs in response to RV-1B and 16 compared to the respective media controls, suggesting
that there is no increased sensitivity to RV induced TN-C release in AA PBECs, but further

studies are required.

3.8.9. Conclusion

The results in this chapter demonstrate for the first time that poly(I:C) and/or RV infection induce
the release of TN-C in vivo in a mouse model and in vitro in AECs (both BEAS-2B and PBECS).
Furthermore, the amount of TN-C release at basal levels and in response to RV is increased in
asthmatic AECs, a fact that could have potential pathogenic consequences in asthma. The
results in this chapter also demonstrated two further types of regulation of TN-C following
poly(l:C) stimulation and RV infection. First, overall TN-C mRNA and cell-associated
upregulation occurs in BEAS-2B cells following viral infection. Secondly in PBECs, overall TN-C
MRNA occurs in some donors, but in others, a more nuanced change to TN-C expression was
observed, with the induction of specific FNIII domains occurring. The induction of these domains
also lead to a change in the ratio of intracellular and released splice variant sizes of TN-C, with

the larger splice variants closely linked to inflammation and disease being induced. Due to the
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variation and donor specific responses observed in this chapter, the donors used in this chapter
are summarised in Table 3.2.

This chapter demonstrates that specific TN-C splice variants pre-disposed to an inflammatory
phenotype are released from AECs following RV infection, and that this mechanism is more
pronounced in AECs from asthmatic patients. Next, the mechanisms behind RV-induced AEC
TN-C release (primarily, release through cell cytotoxicity and EVs) are investigated and detailed
in Chapter 4, in order to investigate this pathway further.
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Table 3.2. Summary of Specific PBEC Donors Used

Experiment (Figure)

PBEC Donors Used

Origin of Donor

Experimental

Release (3.18)

JD009, JD016, JD025,
JD048, JD073

Western Blot: JD009,
JDO50, JD073, JD080,
JD095, JD110, JD133,
JD145, JD156

Outcome
Poly(1:C) TN-C | D1.01, D4.08, D9 PromoCell No Change in
MRNA(3.8) Expression
Poly(l:C) TN-C Cell- | D2, D8, D9 PromocCell No Change in
Associated (3.9) Expression
Poly(l:C) TN-C | D2, D8, D9 PromoCell Increase in Release
Release (3.10)
Poly(l:C) / | D4.03, D4.08, D9 PromoCell Increase in Release
Gardiquimod
Cytokine / Chemokine
Release (3.11)
RV TN-C mRNA | D1.01, D3, D4.03, | PromoCell Increase in  FNIII-C
(3.12) D4.08 Specific Expression
RV TN-C Cell- | D3, D4.03, D4.08, D9 PromocCell No Change in
Associated (3.13) Expression
RV TN-C Release | D3, D4.03, D4.08, D9 PromoCell Increase in Release
(Western Blot; 3.14)
RV TN-C release | D3, D4.03, D4.08, D9 PromoCell Increase in Release
(ELISA; 3.15)
RV Cytokine /| D1.01, D3, D4.03, | PromoCell Increase in Release
Chemokine Release | D4.08, D9
(3.16)
Basal TN-C | D1.01, D3, DA4.03, | PromoCell Increased Basal
Expression (3.17) D4.08, D9 mRNA  and Cell-
Associated Expression
Compared to BEAS-
2B Cells
RV NANA and AA | gPCR: JD001, JD002, | ALLIANCE Increased MRNA
TN-C Expression and | JD003, JD004, JD005, | Study Donors Expression in NANA

PBECs (Compared to
NANA Control) and
Increased TN-C
Release in AA PBECs
(Compared to AA
Control and NANA RV

Samples)
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Chapter 4 — Results: The Mechanisms of RV-Induced TN-C and Exosome

Release in AECs

4.1. Introduction

The novel results in Chapter 3 demonstrated TN-C upregulation and release in response to
poly(l:C) stimulation and RV infection in an in vivo mouse model and in vitro in AECs, with this
pathway more pronounced in asthmatic cells. However, the mechanism behind this
phenomenon is unclear. TN-C is rapidly upregulated in the lungs and in other cells after injury
(Midwood and Orend 2009), and poly(l:C) and RV have the capacity to induce cell cytotoxicity
(Koizumi et al. 2016) in AECs (although not as much as, for example, staurosporine, which is an
inducer of apoptosis), so therefore cell cytotoxicity may play a role in TN-C release.
Furthermore, despite the release of TN-C being demonstrated in a plethora of different cell
types during homeostasis (Nishio et al. 2003, Fluck et al. 2008) and in disease states such as
cancer (Midwood and Orend 2009, Shao, Kirkwood and Wells 2015), the mechanisms leading
to TN-C release are yet to be investigated in depth. One of the primary mechanisms of TN-C
release described is via EV-associated release and in particular, exosomes. Proteomic analysis
of exosomes from malignant colorectal and pleural tumours revealed the presence of tumour
antigens and a number of metastatic and inflammatory factors, including TN-C (Ji et al. 2013,
Greening et al. 2016). To demonstrate the metastatic potential of these exosomes, addition of
exosomes from tumours to endothelial cells induced proliferation, whilst addition to fibroblasts
and human umbilical vein endothelial cells induced significant cell migration (Ji et al. 2013,
Greening et al. 2016). MVs are also implicated in disease pathogenesis (in particular CVD), but
despite plentiful evidence that TN-C can associate with exosomes, it currently is not clear

whether TN-C can associate with MVs.

There is growing evidence that EVs play a vital role in viral infection and in particularly,
enterovirus infection. For example CVB is a member for the picornaviridae family (which
includes RV) that has six serotypes and is implicated in myocarditis and pancreatitis (Inal and
Jorfi 2013). One of the ways viruses can egress without causing cell cytotoxicity is by EV
release. CVB causes the depolymerisation of B-actin cytoskeleton, which induces EV release
and the presence of CVB virions in EVs following infection of myoblast cells has also been
observed (Inal and Jorfi 2013, Robinson et al. 2014). Autophagosomal markers such as LC3
protein were also present in the exosomes, leading to the hypothesis that EVs are released
through the non-Iytic autophagy pathway (Robinson et al. 2014). Alongside CVB, a wide range
of viruses, including HIV, hepatitis C, Epstein Barr virus and herpes virus have been
documented to utilise the host cells exosome machinery for virus particle egress, infectivity and
modulation of host cell contents (Narayanan et al. 2013, Ramakrishnaiah et al. 2013, Petrik
2016). Furthermore, exosomes obtained from nasal samples of RV infected patients exhibited

an increase in the miRNA hsa-mir-155, which was predicted by in silico screening to regulate
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antiviral immunity, suggesting exosomes could also be vital in the antiviral response following

infection (Gutierrez et al. 2016).

The mechanisms behind RV-induced TN-C release in AECs are currently unknown. TN-C is
induced in response to cell damage in certain cells and both poly(I:C) and RV can induce cell
cytotoxicity in AECs. Furthermore, evidence describing a role for EVs in viral infections,
modulation of the host response, and carrying inflammatory mediators vital in disease
pathogenesis is plentiful, but currently the evidence in relation to RV infection is sparse.
Investigating the role of cell cytotoxicity and EVs in RV-induced TN-C release is yet to be
studied, and may provide insight into the physiological relevance of TN-C release in response to
RV infection of AECs.

4.2. Hypothesis and Aims

It was hypothesised that AEC TN-C release following RV infection is a specific response to RV
infection and not solely a consequence of non-specific cell cytotoxicity. Furthermore, it was
hypothesised that poly(l:C) stimulation and RV infection of AECs induces the release of EVs

and that TN-C expression is associated with these vesicles.

The specific aims of this chapter were to investigate:

1. Whether poly(l:C), RV and staurosporine induce cell cytotoxicity in AECs.

2. Whether staurosporine induces AEC TN-C release and how this compares to poly(l:C)
and RV-induced release.

3. The concentration and size of EVs produced by AECs at basal levels and in response
to poly(l:C) stimulation and RV infection.

4. The presence and quantity of TN-C in AEC-derived EVs following poly(l:C) stimulation

and RV infection.
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4.3. Poly(l:C) and RV Induces Significantly More TN-C Release in AECs than
Staurosporine-Induced Apoptosis, Indicating a Viral Specific Mechanism

The data in the previous chapter (Chapter 3) demonstrated that in response to poly(l:C)
stimulation and RV infection (major and minor serotypes), both BEAS-2B cells and PBECs (from
asthmatic and non-asthmatic patients) released TN-C into the supernatant, as measured by
western blot and ELISA. These experiments have not, however, verified whether TN-C is
actively secreted in a poly(l:C) / RV-dependent manner, or whether TN-C is being released
indirectly due to cell death following stimulation / infection. To investigate this, AEC viability
following poly(l:C) stimulation and RV infection was quantified, and TN-C release in response to

non-viral mediated apoptosis was determined.

4.3.1. RV Reduces Cell Viability in BEAS-2B Cells but Poly(l:C) has no Cytotoxic
Effect

BEAS-2B cell viability was imaged by light microscopy following poly(l:C) stimulation and RV
infection. BEAS-2B cells were grown to confluence and stimulated with poly(l:C) (25 ug/ml) or
infected with RV-1B (MOI 1.5) for up to 72 hours, and images of the cell cultures were taken at
40x magnification by an Olympus U-TVO-5XC-3 Lens (Olympus CKX41 microscope).

There was no change in cell viability at 24, 48 and 72 hours in the unstimulated media controls.
Furthermore, although there was also no visible change in cell viability in response to poly(l:C)
at 24, 48 and 72 hours, the cells underwent an elongated morphological change at 72 hours
post stimulation. Finally, visible viral plagues (holes in the monolayer that indicate areas of cell
death) in the cell monolayer were present in response to RV-1B at all-time points, indicating a
loss in cell viability at 24, 48 and 72 hours. Cell viability appeared to decrease over time in
response to RV-1B, with more visible plaques in the monolayer in the 72 hour samples (Figure
4.1).
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+Media +25 pg/ml P(I:C) +RV-1B MOI 1.5

Figure 4.1. RV Reduces Cell Viability in BEAS-2B Cells but Poly(l:C) has no Cytotoxic
Effect

BEAS-2B cells were grown to confluence and stimulated with poly(l:C) (25 pg/ml) or infected
with RV-1B (MOI 1.5) for the indicated times. BEAS-2B cell viability was measured by imaging
the cell cultures (40x magnification) with an Olympus U-TVO-5XC-3 Lens (Olympus CKX41
microscope). Images shown are a representative timeline (N=3) with each replicate
representing a separate cell passage.
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4.3.2. Poly(l:C) does not Affect BEAS-2B Cell Viability (as Measured by Cell
Metabolic Activity) and Induces Significantly More TN-C Release than
Staurosporine

To determine whether cell death contributes towards TN-C release or whether TN-C release is a
virally-dependent mechanism, the next aim was to compare the amount of TN-C release
induced by non-viral apoptosis to that induced by poly(l:C) and RV. To do this, TN-C release
following stimulation with staurosporine, an inducer of apoptosis through both caspase
independent and caspase dependent mechanisms (Belmokhtar et al. 2001), was compared to
poly(l:C)-induced TN-C release in BEAS-2B cells. BEAS-2B cells were left unstimulated or
stimulated with poly(l:C) (25 pg/ml) or staurosporine (4.6 pg/ml) or infected with RV-1B (MOI
1.5) for up to 72 hours. Cell metabolic activity was then determined by MTT assay as a measure
of cell viability, and supernatant was collected and analysed for TN-C release as in Section
3.3.5. (staurosporine and poly(l:C) only).

In response to poly(l:C) stimulation of BEAS-2B cells, there was no change in cell metabolic
activity compared to the unstimulated controls at 24, 48 and 72 hours (Figure 4.2A). A
significant decrease in cell metabolic activity was observed in response to staurosporine at 24
(75% loss; p<0.05), 48 (90% loss; p<0.0001) and 72 hours (90% loss; p<0.001) compared to
the media control. The loss in cell metabolic activity was also significantly reduced in response
to staurosporine, compared to the poly(I:C) cohort at 24 (p<0.05), 48 (p<0.01) and 72 hours
(p<0.01). Again, in response to poly(l:C), there was no loss in cell metabolic activity in BEAS-2B
cells, but RV-1B infection caused a significant decrease in cell metabolic activity compared to
both the media control and poly(l:C) cohort at 24 (p<0.05 and p<0.05), 48 (p<0.0001 and
p<0.0001) and 72 hours (p<0.01 and p<0.001; Figure 4.2B). TN-C was detectable following
western blot following stimulation with poly(l:C) and staurosporine (Figure 4.2C) and poly(l:C)
induced significant TN-C release compared to both the media control and staurosporine at 48
(p<0.001 and p<0.01) and 72 hours (p<0.01; Figure 4.2D). Notably, TN-C release following

staurosporine stimulation was the same as the media control cells for all time points.
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Figure 4.2. Poly(l:C) does not Affect BEAS-2B Cell Viability (as Measured by Cell

Metabolic Activity) and Induces Significantly More TN-C Release than Staurosporine

BEAS-2B cells were grown to confluence and stimulated with poly(l:C) (25 ug/ml) or
staurosporine (4.6 pg/ml), or infected with RV-1B (MOI 1.5) for the indicated times. BEAS-
2B metabolic activity was measured by MTT assay in response to poly(l:C) and
staurosporine (A) and poly(l:C) and RV-1B (B). The presence of TN-C was analysed by
western blotting (M for Media, P for poly(l:C) and S for staurosporine, one representative
blot shown) (C) and densitometry of the top band was performed in ImageJ software (D).
Values expressed as mean + SEM (N=3) with each replicate representing a separate cell
passage. Significant differences in cell viability (# compared to media control and *
compared to poly(l:C)) and TN-C release are indicated by, * p<0.05; ** p<0.01; *** p<0.001,
***% 0<0.0001, analysed by two way repeated measures ANOVA with Tukey's post hoc test.
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4.3.3. Poly(l:C) does not Affect PBEC Cell Viability (as Measured by Cell Metabolic
Activity) and Poly(l:C) and RV Induces Significantly More TN-C Release than

Staurosporine

Next, PBECs were left unstimulated or stimulated with poly(I:C) (25 pg/ml) or staurosporine (4.6
pa/ml) or infected with RV-1B (MOI 1.5) for 72 hours and cell metabolic activity was then
determined by MTT assay as in Section 4.3.2. as a measure of cell viability. Supernatant was
collected and analysed for TN-C release as in Section 3.3.5 (24-72 hours in poly(l:C)

experiment and 48 hours only RV experiment).

In response to poly(l:C), there was no statistically significant change in cell metabolic activity
compared to the media control, with approximately only a 10% reduction at 24, 48 and 72 hours
(Figure 4.3A). A significant decrease in cell metabolic activity was induced in response to
staurosporine at 24 (p<0.0001), 48 (p<0.0001) and 72 hours (p<0.0001) compared to the media
control. The loss in cell metabolic activity was also reduced in response to staurosporine
compared to the poly(l:C) cohort at 24 (p<0.01), 48 (p<0.001) and 72 hours (p<0.0001). In the
RV-1B infection experiment, staurosporine also caused a significant decrease in cell metabolic
activity compared to the unstimulated control and RV-1B infection at all time points (p<0.0001;
Figure 4.3B). Interestingly, whilst cell metabolic activity was higher than the unstimulated media
control in the RV-1B cohort at 24 hours (120%; p<0.01), cell metabolic activity significantly
decreased at 48 hours (20% loss; p<0.01) and 72 hours (35% loss; p<0.0001) post infection.
TN-C was detectable following western blot following stimulation with poly(l:C) and RV infection
(Figure 4.3C and 4.3E respectively) and poly(l:C) and RV induced significant TN-C release
compared to staurosporine at 72 hours and 48 hours respectively (p<0.05; Figure 4.3D and
4.3F). Again, TN-C release following staurosporine stimulation was the same as the media

control cells for all time points (p<0.001).

These results confirm that statistically significant increases in TN-C release occur in response to
poly(l:C) and RV-1B, but not in response to staurosporine treatment. In contrast, staurosporine
had the most significant impact on cell metabolic activity and thus cell viability. These results
indicate that TN-C release is an active, virally-dependent mechanism upon infection rather than

due to cell cytotoxicity following infection.
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Figure 4.3. Poly(l:C) does not Affect PBEC Cell Viability (as Measured by Cell
Metabolic Activity) and Poly(l:C) and RV Induces Significantly More TN-C Release
than Staurosporine

PBECs cells were grown to confluence and stimulated with poly(l:C) (25 pg/ml) or
staurosporine (4.6 pg/ml) or infected with RV-1B (MOI 1.5) for the indicated times. PBEC
metabolic activity was measured by MTT assay in response to poly(I:C) and staurosporine
(A) and staurosporine and RV-1B (B). The presence of TN-C was analysed by western
blotting (M for Media, P for poly(l:C) and S for staurosporine, one representative blot shown)
(C) and densitometry of the top band was performed in ImageJ software (D). The presence
of TN-C was analysed by western blotting (M for Media, R for RV-1B and S for
staurosporine (all three Ns shown on two blots) (E) and densitometry of the top band was
performed in ImageJ software (F). Values expressed as mean + SEM (N=3) with each
replicate representing an independent PBEC donor. Significant differences in cell viability (#
compared to media control and * compared to poly(l:C) / RV-1B) and TN-C release are
indicated by, * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001, analysed by one way repeated
measures ANOVA with Dunnet’s post hoc test or two way repeated measures ANOVA with
Tukey's post hoc test. 125



4.4. Poly(l:C) Stimulation and RV Infection of BEAS-2B Cells Induces Overall
Exosome Release and Exosome-Associated TN-C Expression

With the results in Section 4.1. demonstrating that release of TN-C was a virally-dependent
mechanism, the next aim was to further investigate the mechanisms behind RV-induced TN-C
release. As EVs, and in particular exosomes, are implicated in viral infection, asthma
pathogenesis and also play a role in the delivery of inflammatory mediators such as IL-1, the
release of exosomes in response to poly(l:C) and RV in AECs was measured. For the purpose

of this study, the term EV will be used when covering both exosomes and MVs.

4.4.1. AECs Grow and Respond to Poly(l:C) in EV-Depleted Media, Despite a Loss
in Cell Viability

BEAS-2B Media is supplemented with FCS, which is known to contain bovine EVs that interfere
with, and reduce the accuracy of, NTA analysis. Furthermore, the recipe for the PBEC media is
not disclosed and thus it is not known if EVs are present. Thus, to remove bovine EVs from
FCS, the FCS was spun in the ultracentrifuge overnight at 120,000 rcf. The EV-depleted FCS
was then added to BEAS-2B Media to make EV-Depleted Media. For PBECs, PBEC Basal
Media was spun in the ultracentrifuge overnight at 120,000 rcf and was made into EV-Depleted
Media. The concentration of the EVs present in BEAS-2B Basal Media and EV-Depleted BEAS-
2B Basal Media was then measured by NTA on the NanoSight NS300 instrument, and PBEC
Basal Media and EV-Depleted PBEC Basal Media was measured by NTA on the ZetaView
instrument. To confirm that BEAS-2B and PBEC cell growth was unaffected by EV-Depleted
Basal Media, an MTT cell viability assay was performed. Finally, to confirm that the cells could
respond as expected to poly(l:C) in EV-Depleted media, CXCL8 and CCL5 ELISAs were carried
out.

EV removal from FCS prior to addition to BEAS-2B Basal Media was successful, as BEAS-2B
EV-Depleted Basal Media had significantly less EVs (p<0.001), with an almost undetectable
level of EVs compared to 3x10° particles per ml in the standard media (Figure 4.4A).
Furthermore, the amount of EVs in the PBEC Basal Media and PBEC EV-Depleted Basal media
was below the limit of detection (4.1x106; Figure 4.4B). PBEC cell viability was unaffected
throughout the stimulation time course and BEAS-2B cells grew to confluence with the same
cell viability at 24 and 48 hours in EV-Depleted Basal Media (Figure 4.4C). Additionally, despite
a statistically significant reduction in cell metabolic activity at 72 hours (20% loss; p<0.01), cell
number and morphology looked as expected when assessed by eye using a light microscope.
Both BEAS-2B cells and PBECs responded to poly(l:C) stimulation in EV-Depleted Media, with
significant CXCL8 induction at 24, 48 and 72 hours (p<0.0001; Figure 4.4D; PBEC data not
shown) and CCL5 at 48 hours (p<0.01; Figure 4.4E; PBEC data not shown). These results
indicate that BEAS-2B cells and PBECs can grow and respond to viral stimulation in EV-

Depleted Basal Media and so can be used in future experiments, involving NTA.
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Figure 4.4. AECs Grow to Confluence and Respond to Poly(l:C) in EV-Depleted Media

FCS was centrifuged in an ultracentrifuge overnight at 120,000 rcf in order to remove bovine
EVs, and was then added to BEAS-2B Media to make BEAS-2B EV-Depleted Media. PBEC
Basal Media was centrifuged in an ultracentrifuge overnight at 120,000 rcf in order to
remove EVs to make EV-Depleted PBEC Basal Media. The concentration of EVs present in
BEAS-2B (A) and PBEC (B) Basal and EV-Depleted Basal was measured by NTA analysis.
BEAS-2B cells and PBECs were cultured in Basal Media and EV-Depleted Basal Media for
the indicated times and an MTT assay was performed to quantify cell metabolism as a
measure of cell viability (C). BEAS-2B cells were grown to confluence in EV-Depleted
media, stimulated with poly(l:C) (25 ug/ml) for the indicated times and a CXCL8 (D) and
CCL5 (E) ELISA was performed. Values expressed as mean + SEM or mean only (N=3)
with each replicate a separate cell passage or PBEC donor. Significance differences in EV
concentration, cell viability and chemokine production are indicated by, ** p<0.01; ***
p<0.001; **** p<0.0001, analysed by paired T-test and two way ANOVA with Tukey's post

hoc test. 127



4.4.2. Poly(l:C) Stimulation of BEAS-2B Cells and PBECs Induces the Release of

EVs with the Size-Range and Protein Composition of Exosomes

BEAS-2B cells and PBECs were grown to confluence in EV-Depleted Basal Media and left
unstimulated or stimulated with 25 ug/ml poly(I:C) for up to 72 hours. Exosomes were then
isolated using the four spin ultracentrifugation isolation method as described in Figure 2.2. The
BEAS-2B isolated exosomes were also analysed for the presence of exosome-enriched
proteins CD9 and flotillin-1, EV-associated protein (depending on the EV type) B-actin and EV-
deficient protein GRP94 by western blot. Finally, the concentration and size of BEAS-2B and
PBEC EVs isolated following poly(I:C) stimulation was then measured by NTA on the ZetaView

instrument.

As expected, CD9 and flotillin-1 were present in the BEAS-2B exosome isolated fraction at the
unstimulated controls and poly(l:C) stimulated cohorts throughout the stimulation timeline
(Figure 4.5A), but interestingly B-actin was not expressed. Furthermore, the EV negative control
GRP94 was also not expressed in the exosome isolated fraction. Densitometry of CD9 and
flotillin-1 revealed a significant increase in the exosome-enriched proteins at 72 hours post
stimulation (p<0.0001; Figure 4.5B and 4.5C). When the BEAS-2B exosome isolated fraction
was measured by NTA analysis, poly(l:C) induced a significant release in exosomes at 72 hours
post infection (correlating with the western blot expression of exosome-enriched proteins;
p<0.05; Figure 4.5D), with an increase from approximately 7x10° to 1.4x10". The average
exosome size was approximately 100 nm at all-time points, whilst 48-hour poly(l:C) stimulation
also induced the release of EVs at approximately 150 nm. When the PBEC exosome isolated
fraction was measured by NTA analysis, poly(l:C) again induced a release of exosomes with an
average size of approximately 110 nm at 72 hours post-stimulation, with an increase from

approximately 6x10° to 9x10° (not statistically significant; Figure 4.5E).
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Figure 4.5. Poly(I:C) Stimulation of AECs Induces the Expression of Exosome-Enriched

Proteins and EV Release Within the Size Range of Exosomes

BEAS-2B cells and PBECs were grown to confluence in EV-Depleted media and stimulated with
poly(l:C) (25 pg/ml) for the indicated times. Exosomes were then isolated by the four spin
ultracentrifugation isolation method, and re-suspended in 100 pl PBS. (A) CD9, flotillin-1, B-
actin, and GRP94 expression in BEAS-2B exosome isolates were measured by western blot
(one representative blot shown). BEAS-2B exosome CD9 (B) and flotillin-1 (C) expression was
quantified by densitometry using ImageJ software. BEAS-2B (D) and PBEC (E) exosome
concentration and size were quantified by Nanoparticle Tracking Analysis on ZetaView. Values
expressed as mean + SEM (N=3-7) with each replicate a different cell passage or PBEC donor.
Significance differences in exosome-associated protein expression and exosome release are

indicated by * p<0.05; **** p<0.0001, analysed by two way ANOVA with Tukey's post hoc test.
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4.4.3. Poly(I:C) Stimulation of BEAS-2B Cells Induces Exosome-Associated-TN-C
Expression

With the isolated EVs characterised by NTA and western blotting as primarily exosomes, the
next aim was to analyse the exosomes for the presence of TN-C. Exosomes were isolated as
per Figure 2.2. and 10 pL of exosome sample was analysed by western blotting for TN-C

expression as per section 3.4.2.

Western blot analysis determined that both the smaller (~250 kDa) and larger (>250 kDa)
variants of TN-C were present in the exosomes isolated from poly(I:C) stimulated BEAS-2B
cells (Figure 4.6A). Poly(I:C) stimulation significantly induced exosome-associated TN-C release
at 72 hours post stimulation (p<0.05; Figure 4.6B). When this was normalised to flotillin-1
expression (and thus exosome number), the increase in TN-C expression was not statistically
significant (Figure 4.6C).

4.4.4. RV Infection of BEAS-2B Cells Induces Exosome-Enriched Protein
Expression and Exosome-Associated-TN-C Expression

Next, exosomes following RV infection of BEAS-2B cells were characterised and exosome-
associated TN-C expression was quantified by western blot. BEAS-2B cells were grown to
confluence in EV-Depleted BEAS-2B Basal Media and left unstimulated or infected with RV-1B
for up to 48 hours. Exosomes were then isolated using the four spin ultracentrifugation isolation
method as detailed in Section 4.4.2. The isolated exosomes were analysed for the presence of
exosome-enriched proteins CD9 and flotillin-1 and TN-C by western blot. Due to health and

safety regulations, RV isolated exosomes could not be analysed by NTA.

In BEAS-2B cells, CD9, flotillin-1 and TN-C could all be detected by western blot and in
response to RV-1B (Figure 4.7A). When measured by densitometry, there was approximately a
5-fold increase in CD9 (Figure 4.7B) and flotllin-1 (Figure 4.7C) expression and a 2-fold
increase TN-C expression (Figure 4.7D). These increases were not statistically significant, with
further experiments required to determine whether the increases in exosome-associated

proteins occur following RV infection.
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Figure 4.6. Poly(l:C) Stimulation of BEAS-2B Cells Induces Significant Exosome-

Associated TN-C Release

BEAS-2B cells were grown to confluence in EV-Depleted media, and stimulated with poly(l:C)
(25 pg/ml) for the indicated times. Exosomes were then isolated by the four spin purification
method, and re-suspended in 100 pl PBS. (A) TN-C expression was measured by western blot
(one representative blot shown). (B) TN-C expression only (B) and TN-C expression
normalised to flotillin-1 expression from Figure 4.5E (C) was quantified by densitometry using
ImageJ software. Values expressed as mean + SEM (N=7-9) with each replicate a different
cell passage. Significance differences in TN-C expression are indicated by * p<0.05, analysed

by two way ANOVA with Tukey's post hoc test.
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Figure 4.7. RV Infection of BEAS-2B Cells Induces Exosome-Associated Proteins and

Exosome-Associated TN-C Release

BEAS-2B cells were grown to confluence in EV-Depleted media, and infected with RV-1B

(MOI 1.5) for the indicated times. Exosomes were then isolated by the four spin purification

method, and re-suspended in 100 pl PBS. CD9, flotillin-1 and TN-C expression was

measured by western blot (A; one representative blot shown). CD9 (B), flotillin-1 (C) and

TN-C expression (D) was quantified by densitometry using ImageJd software. Values

expressed as mean + SEM (N=3) with each replicate a different cell passage, analysed by

paired T-test.
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4.4.5. Exosome-Associated TN-C Release is an Abundant Pathway of Release

Following Viral Stimulation / Infection

Following confirmation of the release of exosome-associated TN-C following poly(l:C)
stimulation, the next aim was to distinguish whether this was a pathway of substantial release in
AECs. To do this, BEAS-2B cells were left unstimulated or stimulated with 25 pg/ml poly(l:C) for
up to 72 hours and EVs were isolated as per Section 4.4.2. TN-C expression was determined
by western blotting in the 4 main fractions during the isolation process (see Section 2.11 for
more information): 1. supernatant, 2. MV isolated fraction, 3. exosome isolated fraction and 4.
remaining supernatant following removal of MVs and exosomes. The 72-hour time point of each
fraction was analysed on the same gel.

Both the small and large isoforms of TN-C expression were visible in all isolation fractions
(Figure 4.8A) and when measured by densitometry, TN-C expression was the highest in the
supernatant, with almost no expression in the MV isolation fraction (Figure 4.8B). Furthermore,
the expression of TN-C in both the exosome isolation fraction and supernatant after EV removal
was approximately 50% of the supernatant TN-C expression. TN-C expression was significantly
less compared to the supernatant in the MVs (p<0.001), exosomes and supernatant after EV
removal (p<0.05).
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Figure 4.8. Exosome-Associated TN-C Release is an Abundant Pathway Following

Viral Stimulation

BEAS-2B cells were grown to confluence in EV-Depleted media and stimulated with
poly(I:C) (25 pg/ml) for the indicated times. MVs and exosomes were then isolated by the
four spin purification method, and re-suspended in 100 pl PBS. TN-C expression in each of
the four fractions (supernatant, MVs, exosomes and supernatant following EV isolation)
was measured by western blot (A; one representative blot shown). TN-C expression (B)
was quantified by densitometry using ImageJ software. Values expressed as mean + SEM
(N=3) with each replicate a different cell passage. Significance differences in TN-C
expression are indicated by * p<0.05; *** p<0.001), analysed by one way ANOVA with

Dunnett’s test.
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4.5. Summary and Discussion
4.5.1. Summary

The results in this chapter confirm that AEC TN-C release in response to RV infection is viral
specific and does not occur in response to non-viral cell cytotoxicity. The release of TN-C
following RV infection was demonstrated for the first time to occur through the release of
exosomes with an average size of 100-110 nm. Furthermore, this increase in released TN-C
was determined to be partly due to an increase in exosome concentration following stimulation /
infection. These results begin to reveal the mechanisms behind RV-induced TN-C release, and
the association of TN-C with exosomes may have important implications in RV-induced
exacerbations.

4.5.2. TN-C Release is Viral Specific and Not Induced in Response to Non-Viral Cell Death

The determination of whether TN-C release following RV infection is a virally-specific response
is of importance, due to RV and poly(l:C) inducing cell cytotoxicity in AECs (Deszcz et al. 2005,
Blaas and Fuchs 2016, Koizumi et al. 2016). Furthermore, when relating the pathway to in vivo
RV infection, it is thought that alternative non-lytic pathways may also exist (Blaas and Fuchs
2016). Thus, if TN-C release following RV infection occurs due to hon-specific cell cytotoxicity or
viral-specific cell toxicity only (and not due, in some part, to virally-induced signalling pathways),
then this pathway would be of less biological or clinical significance.

4.5.2.1. RV and Staurosporine Reduces Cell Viability in AECs, but Poly(l:C) Does
Not

Poly(I:C) did not induce cell cytotoxicity during the stimulation time-course (as measured by
microscopy; Figure 4.1.) or loss in cell metabolic activity (and thus cell viability, as measured by
MTT assay) in BEAS-2B cells (Figure 4.2A), or any significant loss in cell metabolic activity in
PBECSs, with only approximately a loss of 20% (Figure 4.3A). RV infection, meanwhile, induced
significant loss in cell metabolic activity in both BEAS-2B cells (Figure 4.1 and 4.2B) and PBECs
(Figure 4.3B), with a loss of 20-40%, as did staurosporine (Figure 4.2A. 4.3A and 4.3B),
inducing a loss of 75-90% cell metabolic activity.

Despite the lack of cell cytotoxicity observed by microscopy following poly(I:C) stimulation,
elongation of the cells occurred at 72 hours post-stimulation. The reason for this morphological
change is currently unknown, but it can be postulated that this is due to EMT. EMT (described in
Section 1.1.2.) has been established to be important in asthma pathogenesis, with AECs
reverting to myofibroblasts, driving fibrosis, and also occurs in response to RV infection and can
be induced by TN-C (see Section 1.1.2). Alpha smooth muscle actin (a-SMA) is an indicator of
EMT (Ding et al. 2014), and therefore future work can confirm this process by measuring a-SMA
levels by western blot or immunofluorescence. Microscopy also demonstrated the formation of

viral plaques in BEAS-2B cells following RV infection, alongside cell elongation, Viral plaques
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are the areas formed in response to viral efflux following infection and this causes cell death
and ‘holes’ in the monolayer form. The formation of viral plaques following RV infection has

been demonstrated previously in our lab (Stokes et al. 2016).

The loss of cell metabolic activity following RV infection and staurosporine stimulation correlated
with previous studies performed in the lab and with other literature (Bossios et al. 2005, Ismalil
et al. 2014). Interestingly, poly(l:C) had been previously demonstrated in other publications to
induce cell cytotoxicity in BEAS-2B cells and PBECs (Koizumi et al. 2016) and thus the results
in this study contradict with this. The Koizumi et al study demonstrated a reduction in live BEAS-
2B cells through apoptosis at 72 hours post stimulation with 0.1 ug-100 pg/ml of poly(l:C) via
annexin staining and through terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) staining in 50 and 100 ug/ml of poly(l:C). The lack of cell cytotoxicity following
poly(I:C) stimulation demonstrated in this thesis (confirmed by microscopy and MTT assay)
suggests that 25 pg/ml is a non-cytotoxic concentration in AECs, with higher concentrations
capable of inducing cytotoxicity, whilst the cytotoxicity observed in other studies at smaller
concentrations needs to be investigated further. Furthermore, due to donor variability in PBECs,
it can be theorised that certain donors may be more susceptible to poly(l:C)-induced cell
cytotoxicity, leading to variation in results in other studies.

45.2.2. RV and Poly(l:C) Induces Significant TN-C Release in AECs, but

Staurosporine Does Not

Following poly(l:C) and staurosporine stimulation of BEAS-2B cells, poly(I:C) induced significant
TN-C release compared to the media control and staurosporine stimulated cells at 48 and 72
hours (Figure 4.2D). Furthermore, both poly(l:C) and RV induced significant TN-C release in
PBECs compared to staurosporine at 72 hours and 48 hours post stimulation / infection
respectively (Figure 4.3D and 4.3F).

Staurosporine is an established inducer of apoptosis through multiple caspase dependent and
independent mechanisms and thus was chosen as a positive control for regulated cell death
(Belmokhtar et al. 2001), and importantly, RV-induced apoptosis also occurs via mechanisms
known to be triggered by the compound. Staurosporine has been demonstrated to induce
apoptosis from 3 hours through caspase 3 (and not through caspase 6, 7 or 8), as well as
potentially through caspase independent mechanisms (Belmokhtar et al. 2001). RV-A, B and C
have all been demonstrated to induce apoptosis through caspase 3 mechanisms (Nakagome et
al. 2014, Croft, Walker and Ghildyal 2018) and also potentially through caspase-independent
pathways due to viral protease inhibition of RIPK1 (Lotzerich et al. 2018). It should be noted that
staurosporine is not a perfect mimic of RV-induced cell death, however, as staurosporine was
demonstrated to induce much more caspase 3 activity compared to RV infection (Nakagome et
al. 2014) and RV has also been demonstrated to induce caspase 7 and 9 dependent apoptosis
(Deszcz et al. 2005, Nakagome et al. 2014).
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These results are important as they demonstrate the viral specificity of the described pathway
and determine that the release of TN-C in AECs does not occur in response to non-specific cell
cytotoxicity only. If the TN-C release observed following RV infection was due to cell death
allowing the ‘leakage’ of TN-C into the supernatant, then upregulation in TN-C release would
also occur following staurosporine induced-cell cytotoxicity. To further confirm this point,
poly(I:C) also induces significant TN-C release despite a lack of any significant cell cytotoxicity
in BEAS-2B cells. These experiments do not confirm if viral-specific cell death is important for
maximal TN-C release however (which could be likely, due to TN-C being upregulated during
the wound healing response). The determination that TN-C release is viral-specific is an
important one and validates the rest of the experiments in Chapter 4 which further investigates

the mechanism of release.

4.5.3. Poly(I:C) and RV Induce Exosome Release in AECs

4.5.3.1. Characterisation of the EVs Released by AECs Following Viral Stimulation

Allow the EV Population to be Defined as Primarily Containing Exosomes

NTA analysis of basally released EVs, and EVs released following poly(I:C) stimulation of
BEAS-2B cells and PBECs, revealed an average size of approximately 100-110 nm (with some
larger vesicles up to 150 nm also present; Figure 4.5D and 4.5E). When analysed by western
blot, positive controls CD9 and flotillin-1 were present in the EV isolates, whilst B-actin and
negative control GRP94 was not (Figure 4.5A). NTA was also deemed to be accurate due to the
lack of EVs in the PBEC media and EV removal from FCS in the BEAS-2B cell media was
successful prior to performing the experiments (Figure 4.4A and 4.4D). Additionally, CD9 and

flotillin-1 expression was also induced by RV infection (Figure 4.7).

The characterisation of EVs, and distinguishing between MVs and exosomes, is a growing and
fluid field that continues to change as further information is revealed. The characterisation of
EVs in this study reflect the currently accepted characterisation methods of MVs and exosomes,
and conform to the publishing guidelines set out by the Journal of Extracellular Vesicles (Lotvall
et al. 2014) and responses from other scientists prominent in the field (Witwer et al. 2017). The
size of exosomes are commonly accepted to be between 50-120 nm (Raposo and Stoorvogel
2013, Willms et al. 2016), whilst the size of MVs are between 100-1000 nm. This size crossover
means that NTA analysis alone cannot determine what type of EVs are present in this study, but
confirms that either exosomes, small MVs or both are present. It is important to note that these
results can be considered to be accurate and free from poly(I:C) contamination for a number of
reasons. Approximately 30% of the EVs measured by NTA analysis were within the estimated
size range poly(I:C) (136-690 nm), however, there was no difference in the NTA size expression
profiles between the media control and poly(l:C) samples and thus it was determined that
poly(l:C) stimulation did not affect the accuracy of NTA. Poly(l:C) is also not expected to be
secreted by the cells following internalisation and stimulation, and contaminant proteins are

thought to be removed by the multiple wash and filter steps in the isolation protocol. Finally, the
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size of RV virions are 20-30 nm (Winther 2011), so if NTA analysis was performed in the future

following RV infection, the accuracy of the EV analysis would not be affected.

ExoCarta is a tool which collates studies on exosomes and ranks the exosomal markers used in
differential cell types and species (Keerthikumar et al. 2016). CD9 was the most described
exosomal marker (demonstrated in 98 studies), with B-actin 5" (93 studies), and flotillin-1 41°
(56 studies). Furthermore, there were no studies that found GRP94 to be associated with
exosomes, demonstrating that accurate markers were chosen in this study. Moreover, CD9 and
flotillin-1 have also been demonstrated to be expressed specifically in exosomes derived from
lung epithelial cells and AECs (Moon et al. 2015, Szul et al. 2016, Chahar et al. 2018).
Confirmation of EVs by western blot is a topic under much debate, with no proteins determined
to be able to confirm the presence of EVs and instead are said to be EV-enriched (Lotvall et al.
2014). Therefore it has to be noted that markers such as flotillin-1 and CD9 used in this study
are exosome-enriched proteins and the presence of these in the isolates does not confirm the
presence of exosomes, only suggests they have been isolated. The absence of GRP94, a
protein located in the ER and not expressed in exosomes, demonstrates the lack of intracellular
proteins in the isolates, confirming a lack of ‘contamination’ from cell debris or cell-associated
proteins. B-actin is a protein that is incorporated into some cell-type specific EVs, but not others.
B-actin was not expressed in bronchial epithelial cell exosomes in this study, despite having
previously been demonstrated to be present in 3D tracheobronchial ciliated epithelium (Kesimer
et al. 2009), indicating potential differential EV cargo proteins in different airway cell types. MVs
have no commonly accepted marker, and thus whilst these western blots have determined the
presence of exosomal enriched proteins (and thus exosomes) in the exosome isolated fraction,
it cannot be confirmed whether MVs are also present. The ultracentrifugation isolation method
should remove MVs and pellet exosomes only, but it has to be noted that the efficiency of this
method is not 100% accurate (Tang et al. 2017) and thus some small MVs may still be present.

When the NTA and western blot data are analysed, they correlate and reveal the presence of
exosomes released from AECs following poly(l:C) stimulation and RV infection. These results
also cannot rule out the presence of small MVs, but for the purpose of this study, the isolated
vesicles will still be defined as exosomes throughout this study, due to the likelihood this fraction

is predominantly exosomes.

4.5.3.2. Poly(l:C) and RV Induces the Overall Concentration of Exosome Release
in AECs

In BEAS-2B cells, the overall concentration of exosome release was significantly increased in
response to poly(l:C) at 72 hours, with the concentration increasing from 0.8x10° to 1.4x10° as
measured by ZetaView (Figure 4.5D). These results were reflected in the expression of
exosome-enriched proteins, with significant induction in CD9 and flotillin-1 at 72 hours post
stimulation (Figure 4.5B and Figure 4.5C). Although no NTA was carried out for the RV infection
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exosome isolates, CD9 and flotillin-1 expression were induced at 72 hours post infection (Figure

4.7), in keeping with the poly(l:C) data.

These results confirm by two separate methods that exosomes are induced in response to viral
stimulation / infection. Although EV release following RV infection has been studied previously,
this is the first time that the concentration of exosomes following viral TLR3 stimulation has
been quantified in AECs by NTA. AECs are the primary site of infection and replication for RV,
and the amount of exosomes induced in response to poly(l:C) stimulation are much greater than
was demonstrated in a previous study investigating RV-induced exosomes in nasal aspirates -
5-10 particles/pl (Gutierrez et al. 2016). The amount of exosomes induced by RV infection is
less than that induced by RSV infection of AECs — approximately 3.68x10° particles/ml (Chahar
et al. 2018). Also of note, RSV infection induced the release of exosomes at 24 hours post
infection, whereas this thesis demonstrates increased exosome release at 72 hours post

infection, revealing viral-specific differences in exosome release following AEC infection.

The mechanisms and functional reasons for RV-induced EV release are currently not fully
understood, but a logical theory can be generated based on previous knowledge of viral
infection and the ESCRT pathway. Exosomes originate from the endosomal pathway (Raposo
and Stoorvogel 2013), and as RV virions are internalised into endosomes following initial
binding through ICAM-1 and LDL receptors (Blaas and Fuchs 2016), it can be theorised that this
increased endosomal traffic will lead to an increase in the ESCRT-pathway, leading to an
increase in the formation and release of exosomes. Furthermore, RV protein VP2 has been
shown to be present in HelLa cell release exosomes following infection, and exosomes following
infection from other enteroviruses such as polio and CVB have been demonstrated to contain
infectious virions (Chen et al. 2015), revealing that exosome-upregulation may be due to viral-
specific modulation to aid viral infection. Furthermore, the initiation of the immune response
following viral infection is vital for the effective removal of the virus (Alenquer and Amorim
2015), and therefore upregulation of exosomes allows rapid communication and delivery of

contents between cells that are vital in this process.

It is clear from previous evidence that induction of exosomes can aid viral infection, viral
replication, viral propagation and disease pathogenesis, and so the quantification and
confirmation of substantial exosome release following RV infection of AECs is an important one.
These results have determined the size, partial protein content and concentration of exosomes
at basal levels and in response to poly(l:C) stimulation / RV infection, allowing for the important
conclusion that RV infection has the ability to modulate exosome release in AECs. This could
have important consequences for asthma pathogenesis, RV infection and RV-induced asthma

exacerbations.

139



45.4. TN-C Release is Associated with Exosomes and is Induced in Response to
Poly(l:C) Stimulation and RV Infection

Following the determination that exosome release was induced in response to poly(l:C)
stimulation and RV infection, TN-C expression was then measured. TN-C was associated with
exosomes at all time points both at unstimulated controls and in response to poly(l:C).
Furthermore, BEAS-2B exosome-associated TN-C release was significantly induced at 72 hours
post-stimulation (Figure 4.6B). When normalised to flotillin-1 expression, there was no change
in overall TN-C release (Figure 4.6C), with a smaller, non-statistically significant increase in TN-
C expression in response to poly(l:C). Furthermore, following poly(l:C) stimulation, exosome-
associated TN-C release was measured by western blot and the release was compared in
different fractions of the exosome isolation process, revealing that approximately 50% of TN-C

released was associated with exosomes, with the rest present in the supernatant (Figure 4.8).

This reveals for the first time that significant exosome-associated TN-C release occurs in
response to RV infection. The fact that this significance is lost when normalised to exosome
number suggests that the increase in TN-C expression may be primarily due to the increase in
overall exosome number, but as TN-C expression does not fall back to baseline, more TN-C
may also be incorporated into existing exosomes too. The exosome isolates also appeared to
contain almost half of the TN-C available in the supernatant, with little expression in the MVs.
This result however, only indicates, rather than confirms, that approximately 50% of virally-
induced TN-C release occurs via exosome-associated release. This could be due to a number
of reasons. Firstly, exosome isolation by any method, including ultracentrifugation, does not
have 100% isolation efficiency and so TN-C expression in the MV fraction, exosome fraction
and in the supernatant cannot be accurately determined, with some exosomes and MVs
potentially left in the supernatant following isolation. Secondly, despite the fact that 10 ul of each
sample was loaded onto the western blot gel, the EVs in each fraction are diluted in differential
amounts of media (1 ml in the two supernatant fractions and 100 pl in the MV and exosome

isolates), which could further affect the accuracy of the result.

Despite widespread studies demonstrating TN-C release, evidence behind the mechanisms of
release is scarce. Although TN-C has previously been established to be present within
exosomes by proteomic analysis in cancerous cells (Ji et al. 2013, Greening et al. 2016) and
kidney epithelial tubular cells in chronic kidney disease (Wang et al. 2017), this is the first time
TN-C has been demonstrated to be associated with exosomes derived from AECs both at basal
levels and upregulated in response to poly(I:C) / RV. Furthermore, this is the first time the
association has been confirmed by western blotting, with the advantage of this technigue (over
proteomics) is that it allows the splice variants expressed to be analysed, thus revealing the
large splice variant as the main variant released. This result therefore reveals a mechanism of
release for the large variant of TN-C (that is associated with inflammation), something that has
not been previously described in AECs or any other cell type. The fact that exosome-associated

TN-C is detected by western blot is interesting, as the antibody binds to the N-terminal of the
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protein (TA domain), suggesting that the whole molecule is being released, rather than the FNIII
domain, which can be cleaved at different sites by MMPs and be released in soluble fragments,
changing the function of the protein (Giblin and Midwood 2015, Midwood et al. 2016).

Exosome-associated TN-C release is the only well documented mechanistic description of TN-C
release in the literature and the results in this study correlates with this, finding no TN-C release
in the MV isolate. The fact that TN-C is associated with exosomes is important for a number of
reasons. Firstly exosomes are synthesised and released quickly and allow recycling of
intracellular cargo (Alenquer and Amorim 2015) and as TN-C is a large and complex protein,
this mechanism of release can be theorised to aid with the relatively quick response observed
following infection. Secondly, exosomes can ‘travel’ quite large distances overall several cell
diameters (Panakova et al. 2005, Lakkaraju and Rodriguez-Boulan 2008) and therefore this
gives TN-C the potential to signal and exert the protein’s function further afield. Finally, as
exosomes are internalised following binding with the target cell, allowing the delivery of its
cargo, the association of TN-C with exosomes will therefore allow internalisation of the protein
and TN-C may have the ability to bind to intracellular receptors as well as external ones. This
could be particularly important in AECs, where the expression profile of TLR4 (one of the main
receptors involved in TN-C-induced inflammation) may be expressed primarily intracellularly,

rather than on the surface membrane (Guillot et al. 2004).

4.5.5. Conclusion

The results in this chapter reveal that the pathway of RV-induced AEC TN-C release described
in Chapter 3 is viral-specific, does not require virally-induced cell death to occur and does not
occur in response to non-viral specific cell death. Furthermore, the results in this chapter reveal
for the first time that RV-induced TN-C release is associated with the large upregulation of AEC

exosomes, with the average size of exosomes at 100-110 nm.

The fact that TN-C release is associated with exosomes following viral infection has wide
implications for the function of the protein, both in the non-asthmatic and asthmatic airway.
Furthermore, independently of TN-C release, the fact that exosomes are induced following RV
infection in large quantities is also an important finding that may impact on asthma
pathogenesis. Therefore, the function of TN-C, exosomes and exosomal-associated TN-C will
be investigated in Chapter 5.
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Chapter 5 — Results: The Function of TN-C and Exosomes in the Airway

Following RV Infection

5.1. Introduction

The results in this study have so far revealed a novel pathway in which TN-C is released in
response to RV infection, and furthermore, this release occurs in a viral specific manner and is
associated with exosome release. Next, the consequences of this pathway were investigated by

examining the function of TN-C, exosomes and exosomal-associated TN-C.

It is well established that TN-C is upregulated and can contribute to inflammation and
pathogenesis in a number of diseases. For example, TN-C is increased and has been
demonstrated to act as a DAMP in the synovia of patients with RA (Midwood et al. 2009, Page
et al. 2012). TN-C” mice in a RA model are protected from tissue destruction, and addition of
full-length TN-C and recombinant FBG domain to human synovial fibroblasts and macrophages
induced the production of IL-6, CXCL8 and TNFa. Furthermore, FBG was demonstrated to act
through the TLR4-MyD88 pathway, as neutralising antibodies towards TLR4 significantly
inhibited FBG-induced IL-6, CXCL8 and TNFa synthesis (Midwood et al. 2009). TN-C induced
inflammation is also potentiated further through autocrine transcriptional regulation of the
protein, in which inflammation in the synovia or tumour-matrix environment induces the
expression of TN-C, which subsequently induces additional inflammatory cytokine release and
further TN-C expression (Goh et al. 2010). TN-C has also been demonstrated to be required for
the polarisation of dendritic cells towards a Th17 phenotype. In a RA mouse model, TN-C” mice

+/+

had significantly less IL-17 in the synovia compared to TN-C™ controls and dendritic cells taken

from TN-C” mice also produced less IL-17 in response to LPS stimulation (Ruhmann et al.

2012). TN-C is integral for the proinflammatory response of primary mouse bone marrow

derived macrophages (BMDMs) to LPS. BMDMs from TN-C” mice stimulated with LPS

produced significantly less TNFa, IL-6 and CXCL1, and more IL-10, compared to BMDMs from
++

TN-C™" mice; with TN-C-induced mir-155 production found to be vital for the expression of

inflammatory cytokines (Piccinini and Midwood 2012).

Despite evidence of TN-C being involved in the production of inflammatory cytokines in the
synovia of RA patients, evidence of TN-C contributing towards the inflammatory phenotype of
the airway in asthmatics is sparse. In a Ova-sensitised allergic airway mouse model, TN-C™
mice had significantly less MCP-1, MMP-9, IL-5, IL-13 and IgE in their BALF in response to Ova
challenge, compared to TN-C** Ova treated controls. TN-C was also added exogenously to
mouse splenocytes and induced significant IL-5, IL-13, IFNy and IgE production (Nakahara et
al. 2006). Despite this, it has yet to be directly investigated if TN-C is an inducer of inflammation
in human bronchial epithelial cells and / or inflammatory cells in the airway of asthmatics, and

which TN-C domains and receptors are involved.
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Additionally, EVs (both exosomes and MVs) have been demonstrated to play a vital role in
delivering inflammatory mediators to surrounding cells in the asthmatic airway. For example, IL-
18 is readily packaged and released via EVs (Qu et al. 2007, Lopez-Castejon and Brough 2011,
Verderio et al. 2012), and has roles in the pathogenesis of asthma, inducing neutrophil and
macrophage infiltration, airway remodelling and mucus production (Lappalainen et al. 2005).
Exosomes from asthmatic patients have increased concentration of enzymes which are
important in bronchoconstriction and mucus secretion, and stimulation of an AEC line with
exosomes from asthmatic patients induced significant CXCL8 compared to exosomes from
healthy controls. Other studies have demonstrated differences in the miRNA composition of
exosomes between asthmatics and non-asthmatics, with miRNA found in asthmatic exosomes
postulated to induce inflammatory cytokine release, leading to eosinophil migration and
activation (Mazzeo et al. 2015). MVs have also recently been implicated in lung epithelial
inflammation, most notably with AEC MVs isolated following hyperoxia damage inducing TNFa
and IL-13 in macrophages (Lee et al. 2016).

TN-C is a potent driver of inflammation, with the majority of the inflammatory potential
demonstrated in the synovium of RA patients. The ability of TN-C to induce inflammation in the
airway however, is an area that requires further research. Furthermore, the effects of EVs on
the pathogenesis of asthma is a dynamic field, with it becoming clear that EVs, particularly
exosomes, have an important role in potentiating airway inflammation in asthmatic patients.
Investigation into the function of TN-C (with and without exosomes) will reveal to what extent
TN-C and virally-induced exosomes play a role in RV-induced airway inflammation, and whether

this could be a therapeutic target in the future.

5.2. Hypothesis

It was hypothesised that TN-C and virally induced exosomes have the ability to induce
inflammatory cytokine and chemokine expression from AECs and MDMs. Furthermore, it was
hypothesised that siRNA knockdown of TN-C in exosomes following poly(l:C) stimulation would

reduce the inflammatory potential of these EVs.

The specific aims of this chapter were to investigate:

1. The effect of TN-C knockdown by siRNA on CXCL8 and CCL5 release following
poly(l:C) stimulation and RV infection of AECs.

2. The ability of purified recombinant TN-C and FBG to induce inflammatory CXCL8
release from AECs and MDMs.

3. The ability of virally-induced exosomes to induce CXCL8, IL-6 and CCL5 release from
AECs and MDMs.

4. The ability of virally-induced exosomes high and low in TN-C expression to induce
CXCLS8 release from AECs.
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5.3. Knockdown of TN-C by siRNA Prior to Poly(l:C) Stimulation of AECs may
Modulate the Inflammatory and Anti-Viral Response

5.3.1. No Significant Changes in CXCL8 and CCL5 Release were Observed in BEAS-2B
Cells Following TN-C siRNA Knockdown and Poly(l:C) Stimulation

First, the efficacy of TN-C siRNA on TN-C expression and CXCL8 and CCL5 release prior to
poly(1:C) stimulation in BEAS-2B cells was investigated. BEAS-2B cells were treated with either
100 nM TN-C siRNA, 100 nM scrambled siRNA, water (mock control) or Opti-Mem only
(untransfected control) with lipofectamine for 24 hours. The cells were then left unstimulated or
stimulated with poly(l:C) (25 pg/ml) for 48 hours. Cells were lysed and the protein lysate
extracted and analysed for TN-C and B-actin by western blot. Cell free supernatant was also
collected and TN-C release analysed by western blot, and CXCL8 and CCL5 release analysed
by ELISA.

In BEAS-2B cells, TN-C siRNA reduced cell-associated TN-C and released TN-C by
approximately 50% (not statistically significant; Figure 5.1A, 5.1B and 5.1C) in the media control
and poly(l:C) treated cells. Whilst a trend of decreased CXCL8 release (Figure 5.1D) and
increased CCL5 release (Figure 5.1E) was observed in the TN-C knockdown samples in
response to poly(l:C) stimulation, this did not reach statistical significance, with further

experimental repeats required to observe any potential differences..
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Figure 5.1. No Significant Changes in CXCL8 and CCL5 Release Occurred in BEAS-2B
Cells Following TN-C siRNA Knockdown and Poly(l:C) Stimulation

BEAS-2B were pre-treated with 100 nM TN-C siRNA (TN-C), 100 nM scrambled siRNA (Scr),
water (mock control; M) or Opti-mem (untransfected control; Un) with lipofectamine for 24
hours, and then stimulated with poly(I:C) (25 pg/ml) for 48 hours. (A) Cell lysate and
supernatant samples were measured for cell-associated TN-C, released TN-C and B-actin
expression via western blot (one representative blot shown). Densitometry of the top band of
scrambled and TN-C siRNA was performed in ImageJ software with poly(l:C) cell associated
TN-C normalised to 3-actin control (B) and released TN-C (C). Cell free supernatants were
analysed for CXCL8 (D) and CCL5 (E) by ELISA. Values expressed as mean £+ SEM (N=3)
with each replicate representing an independent cell passage. Data analysed by determined
using Repeated Measures Two-Way ANOVA with Tukey’s post hoc test or paired T-test.

Analysis was performed on absolute TN-C expression values.
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5.3.2. Knockdown of TN-C by siRNA Prior to Poly(l:C) Stimulation of PBECs Successfully
Reduced TN-C Expression, but the Knockdown of TN-C Prior to RV-1B Infection of
PBECs was Unable to be Measured

The efficacy of TN-C siRNA on TN-C expression in PBECs was then investigated. PBECs were
treated with either 100 nM TN-C siRNA, 100 nM scrambled siRNA, water (mock control) or Opti-
Mem only (untransfected control) with lipofectamine for 24 hours. The cells were then left
unstimulated or stimulated with poly(l:C) (25 ug/ml) or infected with RV-1B (MOI 1.5) for 24 and
48 hours. Cells were lysed and then the protein lysate was extracted and analysed for TN-C
and B-actin by western blot. Cell free supernatant was also collected and TN-C release was
analysed by western blot.

TN-C knockdown by TN-C siRNA was successful, with visible knockdown in cell-associated and
released TN-C samples at both 24 and 48 hours post stimulation (48 hour western blot shown;
Figure 5.2A). Furthermore, TN-C siRNA treatment reduced the expression of both the small and
large splice variants. TN-C expression following TN-C siRNA treatment was reduced by
approximately 65% and 75% (p<0.01) in the unstimulated 24 and 48-hour cell-associated
samples compared to scrambled siRNA (Figure 5.2B). Additionally, following poly(l:C)
stimulation, TN-C siRNA reduced cell-associated TN-C expression by 65% and 75% at 24 and
48 hours respectively (p<0.01). Released TN-C was also reduced by 90% (p<0.01) and 80% at
24 and 48 hours respectively in response to poly(l:C) (p<0.05; Figure 5.2C). Knockdown could

not be measured in the unstimulated released cohort, as TN-C release was not visible.

Despite the fact that PBEC TN-C siRNA treatment successfully reduced intracellular TN-C in
untreated cells and in cells infected with RV-1B, there was no visible TN-C release at 24 hours
in 3 of the 5 donors. Of note, TN-C release is usually quantified by western blot at 48 hours
(Figure 5.2D), and thus the knockdown of released TN-C could not be accurately quantified at
the earlier timepoint of 24 hours. However, knockdown could not be accurately measured at 48
hours post RV-1B infection, as the combination of 24 hours siRNA treatment and 48 hours RV-
1B infection induced cell cytotoxicity, resulting in inconsistent $-actin expression and the lack of

measurable cell-associated and released TN-C expression (Figure 5.2E).
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Figure 5.2. siRNA Knockdown of TN-C Reduced Cell-Associated TN-C Expression and
TN-C Release in PBECs

PBECs were pre-treated with 100 nM TN-C siRNA (TN-C), 100 nM scrambled siRNA (Scr),
water (mock control; M) or Opti-mem (untransfected control; Un) with lipofectamine for 24
hours, and then stimulated with poly(I:C) (25 ug/ml) or infected with RV-1B (MOI 1.5) for 24
and 48 hours. (A) Poly(Il:C) cell lysate and supernatant samples were measured for cell-
associated TN-C, released TN-C and B-actin expression via western blot (one 48 hour
representative blot shown). Densitometry of the top band of scrambled and TN-C siRNA was
performed in ImageJ software for poly(l:C) cell associated TN-C normalised to 3-actin control
(B) and released TN-C (C). RV-1B 24 hours (D) and 48 hours (E) cell lysate and supernatant
samples were measured for cell-associated TN-C, released TN-C and B-actin expression via
western blot (one representative blot of the lack of TN-C release following RV-1B 24 hour
infection and lack of consistent B-actin expression after 48 hours infection shown).Values
expressed as mean £ SEM (N=5 for 24 hours and N=3 for 48 hours) with each replicate
representing an independent PBEC donor. Significance differences in TN-C expression
indicated by * p<0.05; ** p<0.01, determined using Repeated Measures Two-Way ANOVA

with Tukey’s post hoc test. Analysis was performed on absolute TN-C expression values.
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5.3.3. Knockdown of TN-C by siRNA Prior to Poly(l:C) Stimulation of PBECs has No
Impact on CXCL8 Release but may Modulate the Initial CCL5 Response

After successful knockdown of cell-associated TN-C expression and TN-C release, the next aim
was to compare CXCL8 production in the TN-C siRNA samples and controls. Cell free
supernatants (from the same experiment as Section 5.3.2) following siRNA transfection and
poly(l:C) stimulation were prepared and analysed for CXCL8, CCL5, TNFa and IL-5 production
by ELISA.

Although there was significant TN-C knockdown in response to siRNA transfection and poly(1:C)
stimulation, there was no difference in CXCL8 (Figure 5.3A), CCL5 (Figure 5.3B), TNFa (Figure
5.3C) or IL-5 (Figure 5.3D) release at 24 or 48 hours post stimulation

5.4. Recombinant TN-C Induced CXCL8 Release from Primary Human MDMs

5.4.1. Recombinant Full-Length TN-C was Purified from HEK-293 Supernatant

In order to investigate the effects of TN-C on AECs and MDMs, the next aim was to purify active
full-length recombinant TN-C to be used in the experiments. HEK-293 cells transfected with the
pPCEP-huTNChis plasmid (full-length TN-C, with all FNIIl domains and a his-tag attached to the
N-terminal; Lange et al. 2008) were obtained from University of Strasbourg. Recombinant full-
length TN-C was then purified from HEK-293 supernatant by Ni2+—his—tag purification as per
Section 2.15. The presence of TN-C following purification was confirmed by Coomassie
staining, dialysed against TN-Tween (0.01%), aliquoted and stored at -80°C. Next, the presence
of LPS was measured by a LAL test, CDS was used to determine whether the protein was
folded, and the concentration of the purified TN-C was quantified by a BSA standard curve
guantification assay. Finally, the samples that had been successfully purified, were folded, and

were LPS free were analysed for the presence of TN-C and his-tag by western blot.

Purification and concentration of TN-C by Ni2+—his—tag purification was successful with six elution
fractions containing TN-C, determined as the only visible band was above 250 kDa,
(representative gel shown; Figure 5.4A). There was less than 10 pg/ml of LPS present in three
of the six TN-C fractions as measured by LAL assay (Figure 5.4B), so these fractions were
acceptable for use. The recombinant TN-C was folded correctly, which was also demonstrated
through denaturation of the tertiary structure of the protein by boiling (Figure 5.4C).
Quantification of the TN-C fractions revealed concentrations between 0.6 uM and 1.0 yM as
measured by BSA standard curve (Figure 5.4D) and this concentration was confirmed by a BCA
assay (data not shown). TN-C and his-tag expression were identified by western blot,

confirming the specificity of the purification (Figure 5.4E).
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Figure 5.3. Knockdown of TN-C by siRNA Prior to Poly(l:C) Stimulation of PBECs did
not Affect Inflammatory CXCL8 Release but may Modulate the Initial CCL5 Response

PBECs were pre-treated with 100 nM TN-C siRNA, 100 nM scrambled siRNA, water (mock
control) or media only (untransfected control) with lipofectamine for 24 hours, and then
stimulated with poly(I:C) (25 pg/ml) for 24 and 48 hours. Cell free supernatants were
prepared and analysed for 24 and 48 hour CXCL8 (A) and CCL5 (B) release by ELISA and
24 hour TNFa (C) and IL-5 release (D) release by cytometric bead array, with scrambled
and TN-C siRNA values displayed. Values expressed as mean + SEM (N=3-5) with each
replicate an individual PBEC donor. Significance determined using two-way ANOVA with

repeated measures Tukey’s post hoc test.
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Figure 5.4. LPS-Free Full-Length Recombinant TN-C with His-tag was Purified,
Concentrated and Quantified from HEK-293-pCEP-huTNChis Cells

(A) Full-length TN-C with his-tag was purified and concentrated from HEK-293-pCEP-
huTNChis cells by Ni2+-his-tag purification, and fractions were analysed for protein expression
by Coomassie staining (representative gel shown). The presence of LPS was measured by an
LAL test (B) and circular dichroism spectra was used to determine whether the protein was
folded correctly (C; representative graph shown). The negative peak at 195 nm (red arrow)
indicates the random coil, the peaks at 208 nm and 220 nm (black arrow) indicates the alpha
helix and the peak at 215 nm (blue arrow) indicates the beta sheet of the protein. TN-C
expression was quantified by a Coomassie stain BSA standard curve (D) and TN-C fractions
were analysed for TN-C and his-tag expression by western blot (E). Data displayed as
individual TN-C fractions (N=3).
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5.4.2. Recombinant Full-Length TN-C, Recombinant FBG-TN-C and LPS Induce CXCL8

Release from MDMs

Following the purification of LPS-free full-length TN-C, next, the ability of the protein to induce
inflammatory CXCL8 release from MDMs was investigated. Primary human MDMs were left
unstimulated or stimulated with smooth LPS strain 0111:B4 (0.1 pg/ml), 0.1 yM recombinant
full-length TN-C or 1 uM purified recombinant TN-C FBG domain (donated by Anja Schwenzer,
University of Oxford; Section 2.14.6) for 24 hours. The concentrations of TN-C, FBG and LPS
used were chosen due to previous work in our lab (Midwood et al. 2009, Schwenzer et al 20186,

Zuliani-Alvarez et al. 2017). Supernatant was then collected and analysed for CXCL8 by ELISA.

Recombinant full-length TN-C and FBG-TN-C stimulation of MDMs induced significant CXCL8
release at 24 hours compared to the unstimulated media control (p<0.05 and p<0.01
respectively; Figure 5.5). The amount of CXCL8 induced was comparable to that induced by

LPS, which also induced significant release compared to the media control (p<0.05).

5.5. LPS and Recombinant TN-C-FBG Induced Moderate CXCL8 Release from
BEAS-2B Cells

5.5.1. Smooth (but not Rough) LPS Induce CXCL8 Release from BEAS-2B Cells

Prior to AEC stimulation with purified recombinant TN-C and TN-C-FBG, it was first important to
determine whether BEAS-2B cells could respond to TLR4 stimulation (the main inflammatory
pathway induced by TN-C through FBG), with evidence currently unclear as to whether AECs
can respond to LPS (Zanini et al. 2010, Stokes et al. 2011). BEAS-2B cells were left
unstimulated or stimulated with 0.1 or 10 pg/ml LPS EH100 (rough strain) or LPS 0111:B4
(smooth strain), with and without 1 pug/ml PMB (an LPS inhibitor) for 24 hours. Supernatant was
then collected and analysed for CXCL8 expression by ELISA.

Smooth LPS 0111:B4 induced CXCL8 expression at 24 hours, with both concentrations
inducing significant release (p<0.0001; Figure 5.6A). Furthermore, PMB significantly reduced
CXCL8 release induced by smooth LPS (p<0.0001). Notably, rough LPS did not induce CXCL8
release at either concentration and smooth LPS did not induce CCLS5 release in BEAS-2B cells
(Figure 5.6B).
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Figure 5.5. Recombinant Full-Length TN-C and Recombinant FBG-TN-C Stimulation of
Primary Human MDMs Induces CXCL8 Expression

Primary human MDMs were treated with recombinant full-length TN-C (0.1 uM), recombinant
FBG-TN-C (1 uM) or smooth LPS strain 0111:B4 (0.1 pg/ml) for 24 hours and cell free
supernatants collected and analysed for CXCL8 by ELISA. Values expressed as mean + SEM
(N=3) with each replicate an independent MDM donor. Significance differences in CXCL8
release indicated by * p<0.05; ** p<0.01, analysed by one way ANOVA with Dunnett’s post hoc

test.
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Figure 5.6. Smooth LPS Stimulation of BEAS-2B Cells Induces CXCL8 Release

BEAS-2B cells were treated with Rough (R) LPS strain EH100 and Smooth (S) strain 0111:B4
(0.2 and 10 pg/ml), with or without PMB LPS inhibitor (1 pg/ml) for 24 hours. Cell-free
supernatants were prepared and levels of CXCL8 (A) and CCL5 (B) measured by ELISA. Data
shown are mean + SEM, with each replicate representing a separate cell passage (N=3).
Significant differences in CXCL8 production are indicated by **** p<0.0001, analysed by one
wav ANOVA with Tukev's post hoc test.

153



5.5.2. Recombinant FBG-TN-C Induces Moderate CXCL8 Release from BEAS-2B Cells

Next, BEAS-2B cells were left unstimulated or stimulated with 0.1 uM of recombinant TN-C or 1-
2 uM of purified recombinant FBG domain for 24 hours, and supernatant was collected and
analysed for CXCLS8, IL-6 and TNFa by ELISA.

Recombinant TN-C stimulation of BEAS-2B cells did not induce CXCL8 release (Figure 5.7A),
however FBG stimulation induced statistically significant, but moderate, CXCL8 expression at 2
UM (p<0.05; Figure 5.7B). IL-6 (Figure 5.7C) or TNFa (Figure 5.7D) was not induced at any of

the concentrations used.

5.6. Exosomes from Virally Stimulated BEAS-2B Cells Induces Inflammatory
Cytokine and Chemokine Release from BEAS-2B Cells

Next, the ability of virally-induced exosomes to induce cytokine and chemokine release from
BEAS-2B cells and MDMs was measured. BEAS-2B cells were grown to confluence in EV-
Depleted Basal Media and left unstimulated or stimulated with 25 pug/ml poly(l:C) for 72 hours.
Exosomes were then isolated using the four spin ultracentrifugation isolation method described
in Figure 2.2. Following isolation, exosome concentration was calculated by NTA and added to
new BEAS-2B cells or MDMs at 10,000 and 20,000 exosomes per ul. Cell free supernatants
were collected at 24 hours post stimulation and analysed for CXCL8, IL-6 and CCL5 by ELISA.
A zero hour poly(l:C) stimulated control was also included to determine whether poly(I:C) was
carried over into the exosome fraction during isolation. To generate this, supernatant was

collected and exosomes isolated immediately after BEAS-2B poly(l:C) stimulation.

In BEAS-2B cells, significant CXCL8 was released in response to exosomes from poly(l:C)
stimulated cells at 10,000 and 20,000 exosomes per pl (p<0.01 and p<0.001 respectively;
Figure 5.8A). Of note, the zero hour poly(l:C) control did not induce any CXCLS8 release in
BEAS-2B cells. Furthermore, exosomes isolated from poly(l:C) stimulated cells induced
significantly more IL-6 release than exosomes isolated from unstimulated media control cells,
with significant induction observed at 20,000 exosomes per ul (p<0.05; Figure 5.8B). Significant
CCL5 release was also induced in response to poly(l:C) derived exosomes at 20,000 exosomes
per pl (p<0.01; Figure 5.8C). Interestingly, in MDMs, exosomes isolated from both the
unstimulated media and poly(I:C) stimulated BEAS-2B cells induced CXCL8 release, and
although the amount of CXCLS8 release induced by poly(l:C)-derived exosomes was higher than
the media control equivalents, this was not statistically significant (Figure 5.8D). The amount of
CXCLS8 induced by the media control and poly(l:C) exosomes at 20,000 per ul was significantly
greater than the CXCL8 at media (basal) levels (p<0.05 and p<0.01 respectively).
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Figure 5.7. Recombinant FBG-TN-C Stimulation of BEAS-2B Cells Induces CXCL8
Release

BEAS-2B cells were stimulated with purified recombinant full-length TN-C and levels of
CXCL8 were assayed by ELISA (A) and BEAS-2B were also stimulated with recombinant
FBG-TN-C and CXCL8 (B), IL-6 (C) and TNFa (D) were analysed by ELISA. Data shown are
mean = SEM, with each replicate representing a separate cell passage (N=3). Significant
differences in cytokine / chemokine production are indicated by * p<0.05, analysed by one

way ANOVA with Tukey's post hoc test.
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Figure 5.8. Exosomes Isolated from Virally-Stimulated BEAS-2B Cells Induce BEAS-

2B Cell Cytokine and Chemokine Release

BEAS-2B cells were grown to confluence in exosome-depleted media, and stimulated with

poly(1:C) (25 ug/ml) for 72 hours. Exosomes were then isolated by the four spin purification

method, re-suspended in 100 pl PBS and concentration measured by NTA. Exosomes

were added to fresh BEAS-2B cells at the designated concentrations and cell free

supernatants were collected at 24 hours. CXCL8 with a zero hour poly(l:C) control (A), IL-
6 (B) and CCL5 (C) were measured by ELISA. MDMs were stimulated with BEAS-2B

derived exosomes and CXCL8 measured by ELISA (D). Values expressed as mean *

SEM (N=3) with each replicate a different cell passage or MDM donor, analysed by two

way ANOVA with Tukey’s post hoc test.
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5.7. TN-C Induces a Greater Fold-Induction of CXCL8 Release from MDMs, Whilst
Exosomes Induce Greater CXCL8 Release from BEAS-2B Cells

As MDMs are an immune cell, they invariably release greater amounts of cytokines and
chemokines than AECs. Therefore, in order to determine and compare the relative potency of
TN-C and exosomes in these two cell types, the fold increase of CXCL8 induced was
calculated. To do this, CXCL8 release values obtained in the LPS stimulation experiments
(Figure 5.5 and 5.6), TN-C and FBG stimulation experiments (Figure 5.5 and 5.7) and exosome

stimulation experiments (5.8) were converted into CXCL8 fold change induction.

LPS (Figure 5.9A), full-length TN-C (Figure 5.9B) and TN-C-FBG (Figure 5.9C) all induced a
greater fold induction of CXCL8 release from MDMs (approximately 350-500 fold) compared to
BEAS-2B cells (approximately 10-40 fold). In response to poly(l:C) stimulated BEAS-2B derived
exosomes (20,000 per yL) stimulation, the fold increase of CXLC8 release from BEAS-2Bs was
significantly greater than from MDMs, with a 6 fold increase compared to a 2 fold increase
(p<0.01; Figure 5.9D).

5.8. TN-C Knockdown in BEAS-2B Isolated Exosomes did not Affect Exosome-
Induced CXCL8 Release from AECs

5.8.1. Knockdown of TN-C in BEAS-2B Exosomes Was Successful Following Poly(l:C)
Stimulation

To investigate whether TN-C has a role in virally-stimulated exosome-induced inflammation,
first, TN-C expression was knocked down in BEAS-2B exosomes by siRNA treatment. BEAS-2B
cells were grown in EV-depleted media and treated with either 100 nM TN-C siRNA, 100 nM
scrambled siRNA, or a mock water control with lipofectamine for 24 hours. The cells were then
left unstimulated or stimulated with poly(l:C) (25 pg/ml) for 72 hours and exosomes were
isolated as per Figure 2.2. Cell-associated TN-C expression, TN-C release in the supernatant,
exosome-associated TN-C expression and (3-actin expression was then measured by western
blotting.

TN-C expression was detectable in the cell-associated samples, cell supernatant samples and
exosome isolated fractions, with consistent cell associated B-actin expression also present
(Figure 5.10A). Significant TN-C knockdown occurred in response to TN-C siRNA treatment in
the cell-associated (normalised to B-actin; p<0.05; Figure 5.10B), released TN-C (p<0.001;
Figure 5.10C) and exosome-associated (p<0.001; Figure 5.10D) poly(l:C) samples compared to

the scrambled control, as determined using densitometrical analysis.
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Figure 5.9. LPS, TN-C and TN-C-FBG Induce Greater CXCL8 Release from Primary
Human MDMs, Whilst Poly(l:C) Stimulated BEAS-2B Derived Exosomes Induce Greater
CXCL8 Release from BEAS-2B Cells

The results of the BEAS-2B and MDM stimulation CXCL8 experiments were converted to fold
change in order to directly compare between the two cell types. The experiments compared
were: LPS BEAS-2B and MDM stimulations (Figure 5.6A and 5.5; A), full-length TN-C BEAS-
2B and MDM stimulations (Figure 5.7A and 5.5; B), FBG-TN-C BEAS-2B and MDM
stimulations (Figure 5.7B and 5.5; C) and poly(I:C) derived AEC exosomes BEAS-2B and
MDM stimulations (Figure 5.8A and 5.8D; D). Values expressed as mean + SEM (N=3) with
each replicate representing a separate cell passage or independent MDM donor. Significance
differences in CXCLS8 release indicated by ** p<0.01, analysed using paired T-test.
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Figure 5.10. siRNA Knockdown of TN-C Reduced Cell-Associated TN-C Expression,
TN-C Release and Exosome-Associated TN-C in BEAS-2B Cells Following Poly(l:C)

Stimulation

BEAS-2B were pre-treated with 100 nM TN-C siRNA, 100 nM scrambled siRNA or water
(mock control) with lipofectamine for 24 hours, and then stimulated with poly(l:C) (25 pg/ml)
for 72 hours. (A) Cell lysate, supernatant samples and EVs were measured for cell-
associated TN-C, released TN-C, EV-associated TN-C and B-actin expression via western
blot (one representative blot for each shown). Densitometry of the top band of scrambled and
TN-C siRNA was performed in ImageJ software with poly(l:C) cell associated TN-C
normalised to R-actin control (B), released TN-C (C) and EV-associated TN-C (D). Values
expressed as mean + SEM (N=3) with each replicate representing a separate cell passage.
Significance differences in TN-C expression indicated by * p<0.05; *** p<0.001, determined
using Two-Way ANOVA with Tukey’s post hoc test. Analysis was performed on absolute TN-

C expression values.
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5.8.2. TN-C Knockdown did not Impact Exosome-Induced CXCL8 Release from AECs

Finally, the BEAS-2B poly(l:C) derived exosomes isolated in Section 5.7.1. that were low in TN-
C expression (TN-C siRNA treated) or high in TN-C expression (scrambled siRNA treated),
were added to separate BEAS-2B cells at approximately 10,000 and 20,000 exosomes per pl
for 24 hours. For this experiment, exosome concentration could not be calculated due to
technical problems with the ZetaView NTA machine and thus exosome concentration was
estimated based on previous calculations. Cell free supernatants were collected and analysed
for CXCL8 and CCL5 by ELISA.

In response to poly(I:C), CXCLS8 release was significantly increased at 24 hours (p<0.05; Figure
5.11A). There was no significant difference between the amount of CXCL8 release induced by
TN-C siRNA treated and scrambled siRNA treated exosomes at both 10,000 and 20,000
exosomes per pl. Furthermore, there was no difference between the amount of CCL5 release
induced by TN-C siRNA and scrambled siRNA treated exosomes at both concentrations (Figure
5.11B).

160



>
w

1001 15-
= 904 =
E £
g, 80 ;1
~ -1 [ =
= 70 £ 104
w 604 o T
® %]
o 501 g
o 407 ©
© 304 & 57
) U_J" T
20
2 o
O 101 o
0 04
K a) A ) A
N ot N N ot
Q & Ng N2 NZ
2 o o 3
S & e
<& <&
\fb \{b'
¢ °
Poly(l:C) Poly(l:C)
SiRNA Treatment (Exosomes Per pl) siRNA Treatment (Exosomes Per pL)

Figure 5.11. TN-C Knockdown did not Impact on Exosome-Induced BEAS-2B Cell
CXCL8 and CCL5 Release

BEAS-2B were pre-treated with 100 nM TN-C siRNA or 100 nM scrambled siRNA for 24
hours, and then stimulated with poly(l:C) (25 pg/ml) for 72 hours. Exosomes were next
isolated by the four-step ultracentrifugation method and TN-C expression was determined by
western blotting. Fresh BEAS-2B cells were next stimulated with poly(I:C) (25 ug/ml),
poly(l:C) BEAS-2B-derived TN-C siRNA treated exosomes or poly(l:C) BEAS-2B-derived
scrambled siRNA treated exosomes for 24 hours. Cell free supernatants were collected and
analysed for CXCL8 (A) and CCL5 (B) release by ELISA. Values expressed as mean + SEM
(N=3) with each replicate representing a separate cell passage stimulated with a separate
exosome population. Significance differences in chemokine expression indicated by ***
p<0.001, determined using One-Way ANOVA with Dunnett’s post hoc test.
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5.9. Summary and Discussion

5.9.1. Summary

The results in this chapter revealed that AECs can respond to a smooth LPS strain, but not to a
rough LPS strain. This establishes the ability of the AECs used in this study to respond to TLR4
stimulation, and revealing one potential reason why contradictory evidence regarding the ability
of AECs to respond to LPS currently exists. Data was also generated that correlated with
previous work in the Midwood group (and wider afield), with purified recombinant TN-C and TN-
C-FBG having the ability to induceCXCLS8 release from MDMs. The findings also revealed that
FBG-TN-C had the ability to induce moderate CXCL8 release from AECSs, with this theorised to
occur through the TLR4 receptor. Furthermore, the results in this chapter also confirm for the
first time the ability of virally stimulated BEAS-2B cell-derived exosomes to induce specific
release of inflammatory cytokines and chemokines from BEAS-2B cells and MDMs. The role of
TN-C in this exosome-induced cytokine / chemokine release is yet to be fully elucidated, with
initial SIRNA knockdown results showing that TN-C was not required for exosomes to induce

inflammatory responses.

5.9.2. TN-C Induces Inflammatory CXCL8 Release from MDMs

In response to stimulation of MDMs with purified full-length-recombinant TN-C (0.1 pM) and
purified TN-C FBG (1 pM), a significant release of CXCL8 occurred (Figure 5.5). Furthermore,
the fold upregulation of CXCL8 was approximately 375 and 400 fold respectively (Figure 5.9B
and C). Notably, the total amount and fold upregulation of CXCL8 induced by TN-C and TN-C-
FBG was equivalent to that induced by LPS (Figure 5.5 and 5.9A) — a potent inductor of TLR4
inflammation in MDMs. The TN-C used for stimulation was demonstrated to be pure, folded and
LPS free (Figure 5.4).

The results in Figure 5.5. correlate closely with a number of studies demonstrating the
inflammatory effect of TN-C on macrophages. Stimulation of primary human macrophages with
1 uM of FBG, for example, induced a 200 fold increase in CXCL8 expression (Midwood et al.
2009). In this study, full-length TN-C and TN-C-FBG also induced significant amounts of TNFa
and IL-6 from primary human macrophages and synovial fibroblasts, mediated through the FBG
domain of TN-C. Furthermore, in another study, stimulation of primary human macrophages
with 1 puM of TN-C-FBG induced 500 ng/ml of CXCL8 release (Zuliani-Alvarez et al. 2017),
revealing TN-C may have an even greater inflammatory effect on macrophages than
demonstrated in this thesis. The induction of CXCL8 in response to TN-C in this thesis also
correlates with the association of high TN-C expression and enhanced CXCLS8 in the synovia of
RA patients (Page et al. 2012).

TN-C induces a potent inflammatory effect on MDMSs, which has important implications as

macrophage recruitment to the airway is increased in RV infection and allergic airway
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inflammation. Human lung macrophages (HLM) are one of the most prominent cells isolated in
BALF, and lavage of specific airway sections has determined the large presence of
macrophages in the alveoli and the wider airway (Hamid et al. 2003). HLMs are further recruited
following respiratory viral infections, including RV (Laza-Stanca et al. 2006), RSV (Goritzka et
al. 2015) and influenza (Duan, Hibbs and Chen 2017). The recruitment of these cells can
produce anti-viral IFN (Goritzka et al. 2015) and inflammatory cytokine release such as TNFa
(Duan et al. 2017), to aid the removal of the pathogen and resolution of the infection. It is also
established that RV is able to infect these macrophages and replicate, inducing further TNFa
release (Laza-Stanca et al. 2006). Furthermore, allergic airway inflammation in asthma,
independent of viral infection, recruits HLMs to the airway (Lumeng 2016), and HLMs from
asthmatic patients have been determined to have enhanced IgE Fc receptor expression,
leading to increased cytokine release and phagocytosis (Melewicz et al. 1982). Macrophages in
asthma may also skew towards an M2 phenotype, which produces IL-4, IL-10 and IL-13 to

induce airway inflammation, wound healing and remodelling (Lee et al. 2015).

It must also be noted that whilst human MDMs are a good model to study the effects of TN-C on
airway inflammation, and airway macrophages (including alveolar and lung) are derived from
monocytes (Misharin et al. 2017), differential responses between HLMs and MDMs do occur.
These differences are important as they suggest that TN-C may have an even greater
inflammatory effect on HLMs, with LPS inducing significantly more TNFa, IL-6 and IL-1( release
from this macrophage subset compared to MDMs (Victoni et al. 2017). This, therefore, indicates
HLMs may have a more pronounced response to TLR4-induced inflammation. Furthermore,
HLMs do not express (3, adrenergic receptors and so do not respond to two forms of asthma
treatment, formoterol or salmeterol (Victoni et al. 2017), whilst MDMs do, further demonstrating

that HLMs are more resistant to suppression of inflammatory cytokine release.

TN-C has the ability to induce CXCLS, IL-6 and TNFa from MDMs, all which play important roles
in viral infection, airway inflammation and asthma pathogenesis. CXCL8 is a neutrophil and
mast cell chemoattractant, which is vital for the immune response to viral infection. CXCL8 is
also increased in the airway and BALF of asthmatics, and can promote angiogenesis,
important in airway remodelling and the degeneration in lung function (Ordonez et al. 2000,
John et al. 2009, Tang et al. 2016). Mast cells play a vital role in IgE dependent inflammation
during allergic asthma (Reuter, Stassen and Taube 2010), whilst neutrophils are increased in
the airway of asthmatics and correlate with asthma exacerbations (Fahy et al. 1995, John et
al. 2009). Neutrophils release a large number of cytokines and chemokines, including
CXCL8, IL-6 and IL-9 (which is vital for the regulation of Th2 cells and integral in the
pathogenesis of asthma), as well as TNFa, IFNy and TGF-B, which among other things, are
transcriptional regulators of TN-C (Foley and Hamid 2007). IL-6 has been demonstrated to
be vital for the immune clearance of respiratory viruses (Yang et al. 2017) and is significantly
higher in the serum of asthmatics compared to non-asthmatics (Yokoyama et al. 1995,
Yokoyama et al. 1997). I-6 also induces MAPK signalling through the C/EBP arm of the
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pathway (Figure 1.5.) leading to further inflammatory cytokine release (Rincon and Irvin 2012)
and correlates inversely with lung function, as measured by forced expiratory volume (FEVq;
Morjaria et al. 2011). Meanwhile TNFa has been demonstrated to potentiate RV infection,
(Berg, Andersen and Owen 2004), is increased in asthmatics (Bradding et al. 1994), is a
chemoattractant for other inflammatory cells and induces inflammatory cytokine release (Berry
et al. 2007). Additionally, TNFa also plays a role in AHR induction through LT release in airway
smooth muscle (Menard and Bissonnette 2000), induces further ICAM-1 expression for RV
infection (Krunkosky et al. 2000) and is a transcriptional regulator for further TN-C expression
(Nakamura et al. 2004).

Whilst the ability of the purified recombinant TN-C and TN-C FBG to induce CXCL8 release
from MDMs has previously been demonstrated, the findings of this thesis are important for two
reasons. First, the results confirmed the activity of the purified full-length TN-C and TN-C-FBG
used in this work, which was important for the subsequent studies of BEAS-2B stimulation.
Secondly, these results demonstrate the large inflammatory effect that TN-C has on MDMs (with
the molecule as potent an inducer as LPS), and it can be theorised that this inflammation will be
heightened in an asthmatic setting, with the increased concentration of macrophages and the
skew towards an inflammatory macrophage phenotype, in RV infection and asthma. This
implicates RV-induced TN-C release and subsequent TN-C-induced MDM inflammation in RV-

induced asthma exacerbations.

5.9.3. AECs Have the Ability to Respond to Smooth-LPS Stimulation

Following LPS stimulation, BEAS-2B cells produced a statistically significant CXCL8 response
to smooth LPS serotype 0111:B4 (0.1 and 10 pg/ml), but did not respond to rough LPS strain
EH100 at the same concentrations (Figure 5.6A.). CXCL8 upregulation in response to LPS
0111:B4 stimulation was approximately 30 fold (Figure 5.9A); but in contrast smooth LPS

stimulation did not induce CCLS5 release (Figure 5.6B).

LPS stimulation of BEAS-2B cells was used to investigate the ability of these cells to respond to
TLR4 inflammation, due to contradictory evidence in previous studies. Smooth LPS is made up
of three main parts: lipid A, rough core oligosaccharide and the O-antigenic side chain, whilst
rough LPS lacks this side chain (Zanini et al. 2010). Other cell types have also been established
to have differential responses to different strains of LPS. For example, in mouse dendritic cells,
smooth LPS required the CD14 co-receptor for stimulation at a low concentration (0.01 pg/ml)
and could induce an inflammatory response independent of CD14 at 0.1 ug/ml. Moreover, rough
LPS was able to induce cytokine release at even low concentrations independent of CD14
(Zanini et al. 2010). These responses differed from the AEC responses in this thesis, indicating
cell-specific responses to LPS strains, potentially due to differing expression of TLR4 and TRL4
co-receptors. The BEAS-2B response to (low concentration) smooth LPS has previously been
determined to be dependent on CD14, and the response to LPS was greater in A549 cells

(Schulz et al. 2002), and so the results in this thesis suggest that this dependence on CD14 can
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potentially be overcome with an increased concentration of smooth LPS. In a separate study, it
was determined that monocytes (which express CD14) were required in a co-culture for a
substantial BEAS-2B response to rough LPS, with rough LPS stimulation alone not enough to
induce CXCL8 release (Stokes et al. 2011). Of note, another study demonstrated that BEAS-2B
cells can express and secrete CD14 and are vital in the LPS response, whilst other studies
found no CD14 expression in BEAS-2B cells and other epithelial cell lines (Pugin et al. 1993,
Schulz et al. 2002). BEAS-2B cells were also demonstrated to express less MD2 (another

important co-receptor) in smaller quantities than A549 cells (Guillot et al. 2004).

The above evidence seems to suggest that LPS-TLR4 stimulation is dependent on a number of
factors, including the type of cell stimulated, the dose of LPS stimulation, the rough or smooth
phenotype used and even the specific LPS strain used. This may be important in regards to TN-

C stimulation of airway epithelial cells, discussed in the next section (Section 5.9.4.)

5.9.4. TN-C Induces Moderate Inflammatory CXCL8 Release from AECs and May Help

Dampen the Initial Anti-Viral Response

5.9.4.1. FBG-TN-C Stimulation of AECs Induces CXCL8 Release

In response to stimulation of BEAS-2B cells with purified full-length-recombinant TN-C (0.1 uM),
there was no induction of CXCL8 release (Figure 5.7A). In response to purified TN-C FBG (1
pUM) stimulation, however, there was a moderate but statistically significant release of CXCL8
(Figure 5.7B), despite no induction of IL-6 (Figure 5.7C) or TNFa (Figure 5.7D). The fold
upregulation of CXCL8 in response to TN-C-FBG was approximately 10-fold (Figure 5.9C) and
the TN-C used in the experiments was the same as was purified and validated for the MDM

stimulation experiments (Figure 5.4).

The important roles of CXCL8 in viral infection, inflammation and asthma are described in
Section 5.9.2. The fact that TN-C-FBG induced CXCLS8 release from BEAS-2B cells, whilst full-
length TN-C did not, is most likely to be due to the limitations of the experiment, rather than any
physiological difference between the molecules. Due to only small amounts of recombinant-TN-
C being purified, the maximum amount of full-length TN-C that could be used for the triplicate
stimulation experiments was 0.1 uM, whilst up to 2 uM of TN-C-FBG could be used due to a
more plentiful purification yield. FBG-TN-C had the ability the induce CXCL8 release at larger
concentrations from BEAS-2B cells, and 0.1 uM of full-length TN-C is enough to induce
inflammatory cytokine release from MDMs and fibroblasts (Midwood et al. 2009). Despite this, it
can be theorised that 0.1 pM of full-length TN-C is an insufficient concentration to induce a
response from BEAS-2B cells. The response of BEAS-2B cells to full-length TN-C and TN-C-
FBG also revealed a different and cellular specific response, compared to MDMs. In this thesis,
TN-C elicited a much greater CXCL8 release from MDMs than from BEAS-2B cells, in keeping
with other studies that had established TN-C as a potent inducer of CXCLS, IL-6 and TNFa from
MDMs (Midwood et al. 2009, Zuliani-Alvarez et al. 2017). In contrast, no release of IL-6 or TNFa
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was observed from BEAS-2B cells in response to TN-C. One of the main reasons for this can be
theorised to be due to the differential TLR4 expression. In BEAS-2B cells, TLR3 has been
determined to be the dominant receptor expressed by RT-PCR, with TLR2, TLR6, TLR5 and
TLR1 all expressed in higher quantities than TLR4, which has levels of expression similar to
TLR7/8 (Sha et al. 2004). On the other hand, monocytes and macrophages express high levels
of TLR4 mRNA and membrane TLR4 protein (Vaure and Liu 2014) and in addition, TLR4
stimulation of MDMs by LPS can lead to the rapid upregulation of further TLR4 expression
(Schroder et al. 2012). This upregulation could also potentially occur in response to TN-C
stimulation, further potentiating the response. Meanwhile, BEAS-2B cells do express TLR4, as
determined by western blot, but flow cytometry in a number of AEC types, including PBECs and
BEAS-2Bs, demonstrated that the majority of TLR4 is localised intracellularly and not on the
surface of the cell (Guillot et al. 2004). This has important implications for TN-C-FBG AEC
stimulation, as although TLR4 receptors can be recycled to and from the PM (Kagan 2010), low
membrane TLR4 expression on the surface of BEAS-2B cells may be responsible for this
decreased response compared to MDMs. RSV infection of AECs has been demonstrated to
upregulate TLR4 membrane expression and subsequently enhance AEC susceptibility to LPS
stimulation. Therefore, viral infection itself may result in a greater susceptibility to AEC virally-
induced-TN-C release and the consequential TLR4 dependent inflammation (Monick et al.
2003).

TN-C-FBG was also a less potent inducer of CXCL8 release from BEAS-2B cells than LPS. As
the co-receptors, dose and phenotype of LPS has an effect on the potency of BEAS-2B cell
LPS-induced inflammation (Section 5.9.3), it can be theorised this is also important for response
to TN-C-FBG. Currently, the co-receptors required (if any) for TN-C-FBG induced inflammation
are not known, however previous evidence has demonstrated that co-receptors CD14 and MD2
(which are required for the induction of LPS-induced TLR4 inflammation) are not required for
cytokine release in response to TN-C-FBG in MDMs (Midwood et al. 2009). Any co-receptors
required for TN-C-FBG-induced TLR4 inflammation may therefore, be present in lower
guantities in BEAS-2B cells, compared to MDMs. Furthermore, it may be possible that the
reliance of co-receptors for the induction of the TN-C-FBG response could be overcome with an
increase in concentration of TN-C-FBG (as happens with smooth LPS stimulation of BEAS-2B
cells), but more investigation is needed to clarify this. Whilst hydrophobic interactions seem to
be integral for both TN-C-FBG and LPS binding to TLR4 (Park et al. 2009, Zuliani-Alvarez et al.
2017), there are also structural differences that may account for the differential BEAS-2B
responses to stimulation with the molecules. TN-C-FBG has three sites important for activity
and receptor binding: the positively charged residues from loops 5, 6, and 7,
hydrophobic/polar residues in loop 7 and cationic residues in loop 10 (Zuliani-Alvarez et al.
2017). On the other hand, LPS is extracted from the bacteria and transferred to the MD2
complex by Lipid-A-LPS binding protein-CD14 interactions, allowing TLR4 to form both
hydrophobic and hydrophilic bonds with LPS and the F126 and L87 loops of MD2.
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Despite only moderate inflammation being induced in response to TN-C-FBG stimulation,
this is still a result of potential importance. Asthma is underlined by a chronic inflammation in
the airway leading to AHR (Murdoch and Lloyd 2010) and thus RV-induced TN-C release
and induction of CXCL8 release in AECs could play a role in this. Due to the MOI used in
this study, AECs were viable for approximately 72-96 hours. In response to a lower MOI,
however, AECs in vitro are viable for much longer (multiple weeks / months), and in vivo, RV
infection can persist up to 2 weeks (Greenberg 2003), with multiple cycles of RV infection,
replication and virion release. This could lead to increased TN-C release and subsequent
TN-C-induced AEC inflammatory release. Furthermore, TN-C is usually broken down into
soluble fragments by MMP9, but large isoforms are more resistant to MMP9 degradation (Siri
et al. 1995). Therefore, large TN-C variant release induced by RV-infection, and released in
higher quantities in asthmatics, is more likely to persist in the airway and exert the
inflammatory effects described in this study. MMP9 levels are increased in asthmatics and
correlate with the severity of asthma exacerbations (Oshita et al. 2003), which may suggest
upregulation is partly in order to help combat the increased release of large isoform TN-C in

the airway.

The results in this study demonstrate that RV-induced TN-C release occurs, which
subsequently induces CXCL8 release in AECs. Albeit this release is moderate,
concentrations of TN-C release in the airway may build up over time due to persistent RV
infection, increased large isoform TN-C release and resistance to MMP9 degradation.
Therefore, this could be an important feature in asthma pathogenesis, with the increased
recruitment of inflammatory cells to the airway contributing towards the pathogenesis of the
disease. This may also result in a TN-C expression feedback loop (described previously in

RA; Goh et al. 2010), through the induction of TN-C transcriptional regulators.

5.9.4.2. Knockdown of TN-C Prior to RV Infection has no Significant Effect on
CXCLS8 Release but may Affect the Initial Anti-Viral Response

Approximately 50% knockdown of TN-C expression and release in BEAS-2B cells (by siRNA
treatment alongside following viral stimulation; Figure 5.1B and 5.1C) had no significant effect
on CXCL8 or CCL5 release (Figure 5.2D). Despite this, there was a trend towards decreased
CXCLS8 release and increased CCL5 release in the poly(I:C) TN-C siRNA cohorts. In PBECS,
siRNA knockdown and poly(l:C) stimulation achieved approximately 70-90% knockdown in TN-
C expression and release (Figure 5.2), but there was no effect on CXCL8, TNFa and IL-5
release (Figure 5.2A, 5.2C and 5.2D). There was also increased CCLS5 release in the poly(l:C)
TN-C treated samples at 24 hours post stimulation, (p=0.0528), although further experimental

repeats are required to see if this trend is real or not.

The lack of statistical significance in CXCL8 and CCL5 release in the siRNA experiments can
be explained due to a number of reasons. Firstly, TN-C has only been demonstrated to induce

moderate CXCL8release in BEAS-2B cells through FBG-stimulation, and therefore as only
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approximately 50-80% of TN-C was knocked down by siRNA treatment, this might not be
sufficient enough to observe significant differences. Small changes could also be masked
further due to the relatively small sample sizes used in this study (n=3-5). This moderate
difference in the inflammatory response may also be masked by the large upregulation of
cytokines and chemokines following RV infection, or may be compensated for, by other
inflammatory molecules having the ability to induce inflammation in the absence of TN-C. It can
be theorised, therefore, that a greater number of sample numbers may be required to tease out
these differences following siRNA treatment. siRNA can also induce inflammation in target cells
itself (Jackson and Linsley 2010), which could mask any TN-C dependent changes. This is
demonstrated in this study, with greater chemokine release in response to siRNA and poly(l:C)
stimulation in PBECs (Figure 5.3) compared to poly(l:C) stimulation only (Figure 3.11).
Additionally, this inflammation can lead to cell cytotoxicity (Fedorov et al. 2006), demonstrated
by the increase in cell death following siRNA treatment and viral stimulation / infection (Figure

5.2), which could further influence the experimental results.

The decrease (but not statistically significant) in AEC CXCL8 release in response to TN-C
siRNA treatment and poly(l:C) stimulation appeared to follow the same trend in both BEAS-2B
cells and PBECs. The results also correlates with Figure 5.7A (see previous Section 5.9.4.2.),
which established that TN-C-FBG stimulation can induce CXCLS8 release in BEAS-2Bs. If it is
confirmed through further work that TN-C knockdown increases the CCL5 response at 24 hours
post stimulation in PBECs, this would be an observation of note. There is currently no evidence
of TN-C-induced CCL5 down-regulation in any cell type, and indeed LPS (and thus TLR4)
stimulation of macrophages has been demonstrated to induce a moderate production of CCL5
MRNA expression (Bandow et al. 2012, Kong et al. 2014). CCL5 (among other factors) has also
been demonstrated to be required in tumour cells for increased TN-C expression and enhanced
metastasis (Mi et al. 2011). This suggests that TN-C knockdown in airway epithelial cells may
invoke a similar system of increased airway epithelial cell CCL5 release following RV infection,
potentially in order to induce TN-C expression that would be required in the wound healing
response. Additionally, it could also be theorised that as TN-C induces inflammatory cytokine
release through the TLR4 pathway, this may ‘skew’ the response to a more inflammatory
phenotype, which may also dampen the initial anti-virus response. Removal of TN-C from this
system may then allow the cells to mount an appropriate anti-viral response to infection;
however, more investigation is needed to study this further. Unfortunately, CCL5 release
following stimulation of BEAS-2B cells with TN-C-FBG was not examined in this study due to

time constraints, which could have helped to correlate the CCL5 siRNA results.

5.9.5. Exosomes from Virally Stimulated AECs Induce Inflammatory and Anti-Viral
Cytokine / Chemokine Release from BEAS-2B Cells

In response to stimulation of BEAS-2B cells with BEAS-2B cell derived exosomes, significant
CXCLS8 (Figure 5.8A), IL-6 (Figure 5.8B) and CCL5 (Figure 5.8C) was induced in response to
virally-induced exosomes (72 hours post stimulation and high in TN-C expression) compared to
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that induced by media control exosomes (72 hours post stimulation and low in TN-C
expression). Furthermore, it was determined that poly(I:C) was not carried over in the poly(l:C)
stimulated vesicles, as the 0 hour poly(l:C) control did not induce CXCLS8 release (Figure 5.8A),

and the fold induction of CXCL8 release was approximately 6 fold (Figure 5.9D).

This is the first time that exosomes derived from TLR3 / viral stimulated BEAS-2Bs have been
shown to have the ability to induce CXCL8 and IL-6 inflammatory release from AECs. These
results also correlate with another recent study, that demonstrated that exosomes isolated from
A549 cells following RSV infection (which is recognised by TLR3) could induce the anti-viral
chemokine CCL5 (Chahar et al. 2018). The Chahar study also demonstrated these EVs had the
ability to induce CXCL10 and TNFa release. Furthermore, the control exosomes both in this
thesis and the Chahar study did not induce any inflammatory or anti-viral cytokine / chemokine
release from AECs. The CCL5 release induced by poly(l:C) stimulated EVs in this study was
approximately 6 fold greater than reported in the Chahar study, insinuating there may be a
differential response in different types of AECs and in response to different stimuli. Therefore,
the next aim will be to stimulate AECs with RV-induced AEC exosomes, in order to elucidate
whether viral specific differences exist. The effects of CXCL8, TNFa and IL-6 in the airway have
been described in Sections 5.9.3. and 5.9.5., whilst CCL5 also plays an important role in both
viral infection and the pathogenesis of asthma. CCL5 is an effective recruiter of monocytes,
eosinophil and T-cells, which are vital in the removal of the virus (Schall et al. 1990, Culley et al.
2006). Furthermore, CCLS5 levels correlate with both T-cell localisation in the lung and asthma
exacerbations (Castro et al. 2004), probably due to large CCL5 upregulation following viral
infection. The result in this thesis also correlates with in silico screening of exosomes isolated
from NLF following RV infection, which were predicted to have anti-viral functions (Gutierrez et
al. 2016).

Exosomes are vital in the communication between cells and once released, exosomes can
travel over several cell lengths in order to reach target cells (Panakova et al. 2005, Lakkaraju
and Rodriguez-Boulan 2008). Once this occurs, they are internalised by macropinocytosis and
clathrin-independent endocytosis in order to deliver their contents (Verdera et al. 2017).
Following RV infection, it is vital that the immune response is initiated rapidly, and can reach a
large number of target cells. AECs are the barrier to infection and so exosome release can
allow this to occur. RV-induced exosomal inflammation may have important consequences for
airway inflammation and asthma exacerbations, especially as exosomes in the airway of
asthmatics are already more plentiful and predisposed towards a more inflammatory phenotype.
For example, exosome release is increased in some cell types in asthmatics, such as
eosinophils (Mazzeo et al. 2015). BALF exosomes from asthmatic patients also induced
significant CXCL8 compared to the exosomes from healthy controls in a 16HB140- bronchial
epithelial cell line (Paredes et al. 2012), and addition of exosomes isolated from the NLF of
healthy subjects have been demonstrated to induce the significant migration of monocytes,

neutrophils and NK cells in vitro (Lasser et al. 2016). This thesis demonstrates that the amount
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of inflammatory exosomes can be increased following viral challenge, delivering its cargo to
AECs and increasing inflammatory cytokine / chemokine release such as CXCL8 and TNFaq,
which drives further release and immune cell recruitment, as well as potential further TN-C
expression. This is a mechanism that can be theorised to provide a link between RV infection of
the airway, heightened airway inflammation following infection and ultimately the initiation of an

asthma exacerbation.

5.9.6. Exosomes from Control and Virally Stimulated AECs Induce CXCL8 Release from
MDMs

In response to stimulation of MDM with BEAS-2B cell derived exosomes, moderate CXCL8
release was induced in response to virally stimulated vesicles compared to media control
vesicles (Figure 5.8D), with an approximate 1.5 fold increase (Figure 5.9D), but this was not
statistically significant (p=0.2). The amount of CXCL8 induced by the media control exosomes in
Figure 5.8D was also much greater than CXCLS8 release at basal levels from MDMs, which were
taken from previous MDM stimulation experiments (Figure 5.5). The fold upregulation of CXCL8
in poly(l:C) exosomes compared to media control exosomes was approximately two-fold (Figure
5.9D).

These results correlate with results from the Chahar study, that demonstrated both control and
RSV-derived AEC exosomes had the ability to induce inflammatory chemokine release from
MDMs, with MCP-1 and IP-10 induced (Chahar et al. 2018). Interestingly, this study also
demonstrated that CCL5 could be induced in response to both control and RSV-derived
exosomes, which was not investigated in this thesis. The fact that AEC-induced exosomes elicit
differential responses in MDMs and BEAS-2Bs suggests cellular specific responses to EVs.
First, media control exosomes do not induce a response from BEAS-2B cells but do in MDMs,
suggesting a heightened sensitivity to exosome stimulation. This is to be expected, due to the
numerous differences between the two cell type described in this study (such as TLR
composition, susceptibility to pathogens, cytokine release etc.), however, LPS contamination
may also account for these differences. Exosomes cannot be isolated in a sterile manner and
as BEAS-2B cells do not respond to media control exosomes (with CXCLS8, IL-6 and CCL5
release at basal levels), it can be determined that either LPS is not present, or does not induce
a response. Conversely, as media control exosomes do induce CXCL8 release from MDMs, it
cannot be ruled out that LPS may be contributing to this observed CXCL8 release, especially
due to their heightened sensitivity to LPS stimulation (Figure 5.5). The differences between
media control and poly(l:C)-derived exosomes can be determined to be independent of LPS,
however, with the fold upregulation of CXCL8 3 times greater from BEAS-2Bs than MDMs. The
reasons for a greater AEC response to exosomes over MDMs are currently unknown. One
potential theory is that as MDMs are already activated by the basal exosomes, the inflammatory
response may be already close to maximal levels, and thus the additional inflammatory

mediators present in the virally-stimulated exosomes may not have much of an additive effect.
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Furthermore, AECs have been established to be more sensitive to TLR3 stimulation than
MDMs, whilst MDMs are more sensitive to TLR4 stimulation (Al Mubarak et al. 2018), so it is
possible AECs may be more susceptible to the inflammatory mediators present in virally

stimulated exosomes, which may potentially include RV proteins, RNA and virions.

The results have demonstrated that exosomes from virally stimulated AECs (and potentially
media control exosomes) have an inflammatory effect on AECs and MDMs that may drive
airway inflammatory and anti-viral cytokine / chemokine production following infection.
Moreover, this inflammation may also be heightened in asthma. These results however, do not

establish to what extent RV-induced TN-C plays a role in this pathway.

5.9.7. Initial Results Indicate TN-C May Not Play a Role in Exosome-Induced AEC CXCL8

and CCL5 Release, but Further Investigation is Required

Significant TN-C knockdown in BEAS-2B cell-associated TN-C (60% knockdown; Figure 5.10A),
released TN-C (80% knockdown; Figure 5.10B) and exosomal associated TN-C (70%
knockdown; Figure 5.10D) was achieved in response to TN-C siRNA treatment and 72 hours
poly(I:C) stimulation. There was no significant difference in CXCL8 (Figure 5.11A) and CCL5
(Figure 5.11B) release in response to BEAS-2B cell stimulation with TN-C siRNA treated
exosomes, however, compared to stimulation with scrambled sSiRNA treated exosomes.
Despite this, there was however a trend of CXCL8 increase in cells stimulated with the siRNA

treated exosomes at 20,000 exosomes per pl.

Despite no significant differences in BEAS-2B chemokine release following stimulation with
poly(I:C)-TN-C siRNA treated and poly(l:C)-scrambled siRNA treated exosomes, it is still not
clear whether TN-C plays a role in exosome-induced inflammation following viral infection. This
is due to a number of limitations within the final experiments. For example, despite statistically
significant TN-C knockdown, TN-C expression in the exosomes was not ablated 100%, with
approximately 30% TN-C expression remaining, and this may be sufficient to still induce

responses in target cells.

Most significantly, the amount of CXCL8 and CCLS5 release in these cells following stimulation
with the poly(I:C)-siRNA treated exosomes (Figure 5.11A) is greater (approximately 40-fold and
2-fold, respectively) than that induced by poly(I:C)-non-siRNA treated exosomes (Figure 5.8A).
There are a number of reasons that could explain this. The BEAS-2B cells used in the siRNA
experiments in Figure 5.11. (both in the BEAS-2B cells treated with poly(l:C)-siRNA and the
BEAS-2B cells stimulated with the exosomes) were separate batches to those used in the first
exosome stimulation experiments in Figure 5.8, and as batch-specific differences have been
determined previously in BEAS-2B cells (Zhao and Klimecki 2015), there may be some
differential responses to exosome-induced inflammation. Despite this, it is unlikely that the large
differences in CXCL8 induction following exosome stimulation would be as profound, especially

as BEAS-2Bs cells are a cell line. The other theories behind this increased chemokine release
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following stimulation with siRNA treated exosomes regard the SiRNA pre-treatment. These
results seem to suggest that siRNA is being incorporated into the exosomes itself and having a
direct inflammatory effect following stimulation. SiIRNA has been previously demonstrated to
induce inflammation in a number of cell types (as detailed in Section 5.9.4.2.; Jackson and
Linsley 2010) and this was potentially demonstrated in the earlier siRNA experiments in this
study (Figure 5.1, 5.2. and 5.3.). It is also theorised that siRNA treatment could indirectly affect
the composition of the exosomes released by the cells, as siRNA treatment of cells have been
previously been demonstrated to have a number of off target effects (i.e. independent of
knockdown of the target protein; mentioned in Section 5.9.4.2.), including cell cytotoxicity
(Fedorov et al. 2006). Although evidence of siRNA having off target effects in exosome
composition has not currently been evidenced, the modulation of exosomal content has
previously been demonstrated with exosomes isolated following chemotherapy (Bandari et al.
2018), apoptosis (Lynch, Panagopoulou and Gregory 2017) and necrosis (Jelonek, Widlak and
Pietrowska 2016). Therefore, the greater cell cytotoxicity induced by siRNA treatment and viral
stimulation observed in this study could potentially change the composition of the exosomes
released by the cell. This may lead to the packaging of more inflammatory mediators into the
vesicles, and therefore these exosomes would have a greater inflammatory effect on the target
cell following stimulation. Furthermore, another important off target effect of SiRNA treatment is
the modulation of the miRNA composition of cells, through the modulation of the RNA
interference machinery (Jackson and Linsley 2010, Liang, Hart and Crooke 2013). This is an
important observation, as changes in miRNA composition have previously been demonstrated
to modulate the inflammatory potential of exosomes. For example asthmatic patients had a
different exosomal miRNA profile compared to non-asthmatics, with 24 differentially regulated
miRNAs identified, and this was demonstrated to enhance the inflammatory potential of these
exosomes (Levanen et al. 2013). It is therefore feasible that sSiRNA treatment of BEAS-2B cells
modulates the miRNA profile of the exosomes, leading to more inflammatory mediators being
packaged into the vesicles and to induction of greater inflammatory cytokine / chemokine

release following stimulation, masking any potential effects of TN-C knockdown.

It is also important to note that TN-C may have alternative roles in RV-induced exosome
inflammation, rather than being a direct inducer of inflammation itself. For example, in response
to HIV-1 infection of T-cells and DCs, DC exosomes containing HIV were demonstrated to be
internalised at a greater rate than T-cell exosomes (Kulkarni and Prasad 2017), due to FN (an
ECM protein that closely associates with TN-C) and galectin-3 (a lectin molecule involved in cell
adhesion) being present in DC exosomes and absent in T-cell exosomes. As TN-C is important
in cell adhesion, it may play a similar role to FN and galectin-3, allowing exosomes to bind to

target cells and internalise.

Due to the number of limitations with this final experiment, it is currently not clear whether TN-C
plays a role in exosome-induced inflammation. What is clear, however, is that the two pathways

described in this study, RV-induced TN-C release and RV-induced exosome release, seem to
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have important roles in airway inflammation, and furthermore, the capability of TN-C and
exosomes to induce inflammation may be increased in the asthmatic airway. Chapter 6 will
summarise and explain the wider implications of the pathway, as well as explain how the role of

TN-C in virally-derived exosome release can be researched in further detail.

173



Chapter 6 — Overall Discussion and Conclusions

6.1. A Proposed Model of RV-Induced TN-C and Exosome Release in AECs Leading to

Increased Airway Inflammation

The results in this thesis demonstrate novel pathways of RV-induced TN-C and exosome
release. It is proposed that TN-C is initially upregulated in response to RV infection in order to
contribute to the wound healing response and to recruit immune cells into the lungs to help clear
infection, whilst exosomes are released in order to communicate with the surrounding cells to
help coordinate an appropriate inflammatory and anti-viral response. However, the TN-C and
exosomal response to RV infection becomes exaggerated in the asthmatic airway, and this
pronounced response, combined with a number of other factors, leads to a more potent
increase in airway inflammation following infection. The pathway of TN-C and exosome release
is summarised in Figure 6.1, whilst the inflammatory effects of TN-C and exosome release are

summarised in Figure 6.2.

6.1.1. RV-Induced TN-C Expression and Release is TLR3 Dependent, TLRY

Independent and a Viral Specific Mechanism

RV infection of AECs (both major and minor serotypes), through initial binding to ICAM-1 or LDL
receptors, leads to the trafficking of the virus to the early endosome where the low pH leads to
viral uncoating and replication (Fuchs and Blaas 2012). During this replication, the ssSRNA forms
a temporary dsRNA intermediate, which activates TLR3 (but not TLR7) and induces the release
of cytokines and chemokines such as TNFa, TGF-B, CXLC8 and CCL5. TGF-f1 and TNFa are
known transcriptional regulators of TN-C through the MAPK/ERK and NF-kB/p65 pathways
(Vollmer et al. 1997, Nakamura et al. 2004, Makinde et al. 2007, Goh et al. 2010) and TNFa has
been demonstrated in preliminary results in this study to induce TN-C release. Therefore, it is
postulated that it is the activation of these pathways following RV infection that triggers the
signalling cascade required for the expression and release of TN-C in AECs. Other receptors
such as TLR2, MDA5 and RIG-I may play a role in this pathway and so further investigation is
required. This process is also independent of non-specific cell death and can occur without
large amounts of virally-induced cell cytotoxicity. Finally, this pathway was also validated using
an in vivo model, with intranasal poly(I:C) stimulation of adult C57BL/6 mice inducing the
expression of TN-C in the BALF.
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Figure 6.1. The Proposed Mechanism of TN-C and Exosome Release Following RV
Infection in AECs

Upon AEC RV infection (by major or minor serotypes through ICAM-1 or LDL receptors), the
virus is trafficked to the endosome. The low pH in the endosome leads to the uncoating of the
virus and viral replication, through which temporary viral dsRNA is synthesised from ssRNA,
which is recognised by TLR3. TLR7 does not seem to play a role in this process and the role
of TLR2, MDAS5 and RIG-I in this pathway are yet to be elucidated. The TLR3-dependent
pathway induces the expression of TN-C transcriptional regulators, which are postulated to
result in the expression of large splice variant TN-C isoform expression. This is thought to
occur by alternative splicing, potentially from an already available pool of basal TN-C and
through moderate TN-C mRNA upregulation. The change to the TN-C structure by alternative
splicing may provide the trigger for the protein to migrate from the cytoplasm to the
membrane, where the protein is then released into the supernatant. The large isoform of TN-C
is also the main isoform released and this isoform is more resistant to MMP9 degradation. TN-
C release is more pronounced in asthmatics, with greater expression and release at basal
levels and in response to RV. Furthermore, a substantial proportion of TN-C release in AECs
is associated with EVs, with significant TN-C release associating and correlating with the
increase in exosome release following infection. It can be postulated that increased
endosomal trafficking following RV infection induces increased exosome production and
release, as the ESCRT exosomal formation pathway originates from the endosomal pathway,
however the pathway behind RV-induced exosome release is yet to be elucidated. The green
pathway indicates TN-C upregulation pathway, the red pathway indicates exosome

upregulation pathway and the blue pathway indicates where both pathways merge. 175



6.1.2. Intracellular TN-C Expression Following RV Infection is Dependent on a
Number of Factors, can be Controlled by Alternative Splicing and may be More
Pronounced in Asthmatics

The results in this study indicate that the type of TN-C regulation that occurs in response RV-
induced signalling, and in response to transcriptional regulators such as TNFa, is not the mass
intracellular upregulation of the protein as originally hypothesised. In fact, the upregulation in
TN-C mRNA and cell-associated expression seems to be more nuanced and tightly controlled,
with a number of factors affecting the type of expression. In cells with low levels of basal TN-C
MRNA, upregulation of overall TN-C mRNA occurs, as well as potential changes to FNIII splice
domain expression. However, in cells with higher levels of basal TN-C mRNA expression,
intracellular upregulation is not observed and instead, changes to the alternatively spliced FNIII
domains occur. The upregulation of TN-C cell-associated protein expression also correlates
with this, with large TN-C upregulation in cells with low basal expression and low upregulation in
cells with high expression. The modification of TN-C splice variants and the upregulation of TN-
C FNIII mRNA seem to correlate at the protein level, with RV infection increasing the ratio of
large:small variants, independent of a lack of increase in overall expression. Furthermore, the
type of stimulus may have an effect on the type of expression, with RV infection being the only
stimulus to induce overall TN-C and FNIII specific mRNA expression in PBECs. This may
indicate that TLR2, MDA5 and RIG-I could also play a role in this pathway, alongside TLR3.
Donor specific differences in PBECs to RV induced TN-C expression may also occur, which is
feasible as PBECs from different donors show variability to viral titre, cytokines and chemokines
produced to RV infection and RV-induced cytotoxicity (Stokes et al. 2016).

It is well established that cell associated TN-C expression in the RBM of asthmatics is increased
over that of non-asthmatics (Laitinen et al. 1997). Work demonstrated in this thesis correlates
with this, with AA PBECs having increased basal levels of TN-C mRNA compared to NANA
PBECs at 6 and 24 hours. In response to RV infection, upregulation of TN-C mRNA is also
greater at 6 hours in the AA PBECs, but then NANA PBECs reach the same level of expression
by 24 hours, demonstrating the higher basal expression may allow a more pronounced initial

upregulation following RV infection in asthmatics.

6.1.3. RV Infection Induces Exosome Release in AECs

RV infection of AECs also induces the release of EVs, with a large induction of exosomes with
an average size of 100-110 nm. This again is TLR3 dependent, TLR7 independent and it is not
yet determined whether TLR2, RIG-I and MDAS have a role in RV-induced exosome release.
The mechanisms and functional reasons for RV-induced EV release are not yet revealed, but as
exosomes originate from the endosomal pathway (Raposo and Stoorvogel 2013), and as RV is
processed into the endosomal pathway following infection (Fuchs and Blaas 2012), it can be
theorised that RV infection leads to an excess of endosomes inside the cell. This would result in

some endosomes being re-cycled back to the membrane to deal with further infection (Maxfield
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and McGraw 2004) and other endosomes entering the ESCRT pathway leading to increased

exosome release.

6.1.4. RV Infection Induces TN-C Release in AECs, is More Pronounced in

Asthmatics and a Large Proportion is Associated with Exosomes

Following RV-induced upregulation of cell-associated TN-C expression and / or the upregulation
in large splice variant expression, next, TN-C is released. The results in this study indicate that
TN-C is released in two main ways following RV-infection, release of the protein into the
supernatant (Figure 3.6, 3.10, 3.14 and 3.15) and release of exosomal-associated TN-C (Figure
4.6). This release is again dependent on TLR3 stimulation and is independent of cell death and
TLR7 stimulation. Based on preliminary experiments, it was determined that approximately 50%
of released TN-C was released in the supernatant and 50% was associated with exosomes, but
further investigation is required to determine the accuracy of this. The function of TN-C changes
depending on the size of the protein, as incorporation of more FNIII domains and glycosylation
allows the protein to bind to more target proteins and exert different functions (Zisch et al. 1992,
Ghert et al. 2001b, Giblin and Midwood 2015). Therefore, the upregulation of larger TN-C
transcripts following RV infection allows the protein to interact with more molecules, and it can
be postulated that this may allow the protein to be incorporated into exosomes or bind to other
targets (such as membrane proteins) that allows the protein to be released. Importantly, TN-C
release is also increased in AA PBECs compared to NANA PBECs in response to RV infection
and at basal levels. Preliminary experiments seem to indicate it is this higher basal level of
expression in AA PBECs (rather than increased susceptibility to prolonged RV infection etc.)
that contributes to the increase in overall TN-C release in response to RV infection, compared
to NANA PBECs.

6.1.5. The Proposed Functional Reasons for RV-Induced Tenascin-C and

Exosomal Release

This study has focused on the contributory role that RV-induced TN-C and exosomes may have
on airway inflammation and ultimately asthma exacerbations, as this is the most pertinent to the
study aim. However, it is not yet known if TN-C has an initial functional role in the biological
response to RV infection, which can over time have a detrimental effect (either through multiple
viral infection cycles or continual asthma pathogenesis), or whether TN-C is only harmful when
expressed during asthma or in response to RV infection. Furthermore, it has not yet been
determined why RV infection modulates exosome release, leading to exosomes that that
increases the inflammatory potential of these vesicles.

The majority of research into TN-C release has been carried out in the area of cancer biology,
with the increased release in metastatic cells determined to increase metastasis and the
oncogenic phenotype of the tumour (Hancox et al. 2009, Ferrari and Calvo 2014), and this

release can also be associated with exosomes (Ji et al. 2013, Greening et al. 2016). TN-C is
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also implicit in the wound healing response (Forsberg et al. 1996, Latijnhouwers et al. 1997),
where it is demonstrated to be released from cells such as epidermal keratinocytes and is vital
in signalling and cellular recruitment to resolve the damaged epithelium. It can therefore be
theorised that airway epithelium damage due to RV infection and increased inflammation in
asthma leads to the upregulation of TN-C release (both independent of exosome release and
also exosome associated). This TN-C upregulation is then vital in helping to modulate the
adhesion of target cells and recruit cells such as fibroblasts, macrophages and neutrophils
required for the wound healing process (Latijnhouwers et al. 1997, Patel, Maheshwari and
Chandra 2016), and the recruitment of immune cells required for the innate immune response to
viral infection (Takeuchi and Akira 2009). This theory is supported by TN-C induced CXCL8 and
IL-6 release in either MDMs and / or AECs (Figure 5.5 and 5.7), which are potent immune cell

recruiters.

Exosomes are important to the propagation of virulence and pathogenesis following viral
infection. As RV protein VP2 has been demonstrated to be present in RV-induced exosomes in
HelLa cells (Chen et al. 2015), it can be theorised that RV may upregulate exosomal release
and utilise exosomes to exit the cell in a non-lytic manner, delivering proteins such as virions to
the surrounding cells and thus aiding transmission; a mechanism described in other enterovirus
infections, such as CVB (Inal and Jorfi 2013). Furthermore, exosomes derived from virally
infected cells can induce cell death, increase the speed and efficiency of infection and allow
evasion of the innate immune response (Zhang et al. 2018), therefore RV may also utilise
exosomes to aid pathogenesis. In contrast, exosomes can also assist the innate immune
response to viral infection by enhancing TLR expression on macrophages and promoting the
function of NK cells, T-cells and B-cells (Zhang et al. 2018), thus, the modulation of exosomal
contents following RV infection may be an AEC response, in order to initiate the removal of the
virus. This theory is supported by the results in this study, with RV-induced AEC release
inducing CCL5 expression in stimulated AECs (Figure 5.8C). Exosomes have also been
demonstrated to play a role in the wound healing response by delivering contents such as EGF
which are vital for angiogenesis and other would healing mechanisms (Golchin, Hosseinzadeh
and Ardeshirylajimi 2018). It can be theorised, therefore, that RV-induced exosome release may
occur in order to resolve airway epithelial cell damage. This theory is supported by RV-induced
AEC release inducing CXCL8 and IL-6 expression in stimulated AECs, which recruit immune

cells among other functions (Figure 5.8).

Whilst TN-C and exosome release following infection may be important for resolving RV
infection and initiating the wound healing response to viral infection and asthma, TN-C and
exosomes can also have a detrimental effect in the airway (especially in diseased airways, such

as asthma), which is explained in the next section.
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6.1.6. The Proposed Detrimental Inflammatory Implications of RV-Induced TN-C

and Exosome Release in the Airway

RV infection induces the release of the large isoform of TN-C, >250 kDa in size, potentially to
recruit immune cells required for viral clearance and the initiation of the wound healing response
(Section 6.1.5). The TN-C released following RV infection has been demonstrated to induce
high levels of CXCL8 (Figure 5.5), IL-6 and TNFa (Midwood et al. 2009) release from MDMs
and moderate CXCL8 release from AECs (Figure 5.7), with TN-C-FBG stimulation
demonstrating that this is TLR4-dependent. MDMs have high levels of TLR4 expression (Vaure
and Liu 2014) whilst in comparison, AEC TLR4 expression is low (Sha et al. 2004) and may be
not be localised to the membrane (Guillot et al. 2004). This could therefore explain the
differential response to TN-C. CXCL8, IL-6 and TNFa release will lead to increased infiltration of
immune cells in the airway (Ordonez et al. 2000, John et al. 2009, Tang et al. 2016),
potentiation of viral infection (Berg et al. 2004) and loss in lung function contributing to AHR
(Menard and Bissonnette 2000). TNFa is also a transcriptional regulator of TN-C and so could
form an autocrine-feedback loop in the airway, leading to increased TN-C expression (Goh et al.
2010). The size of the isoform is important, as large isoforms of TN-C are more resistant to
MMP9 degradation (Siri et al. 1995) and have a greater capacity to induce inflammation than
smaller isoforms (Ghert et al. 2001a, Midwood et al. 2009, Goh et al. 2010, Page et al. 2012).
TN-C expression, with an enhanced ability to induce inflammation will, therefore, persist in the
airway after the clearance of viral infection or the completion of the wound healing response,
potentially being incorporated in the RBM of cells (Laitinen et al. 1997) or in the ECM.
Furthermore, TN-C expression is also higher in the RBM of asthmatics compared to non-
asthmatics (Laitinen et al. 1997) and the release of TN-C (also the large isoform) is also greater

in asthmatics compared to non-asthmatics following RV infection (Figure 3.18C).

RV infection of AECs also induces the release of exosomes, potentially in order to help initiate
the response to viral infection and to help wound healing responses (Alenquer and Amorim
2015, Golchin et al. 2018). These exosomes may also be hijacked by the virus, and used to
deliver viral proteins, RNA and virions to surrounding cells (Chen et al. 2015). Exosomes are
internalised and contents are delivered once they reach the target cell, and these RV-induced
AEC-derived exosome are able to inducer greater cytokine and chemokine release than non-
infected AEC-derived exosomes, inducing significant CXCLS8, IL-6 and CCL5 in BEAS-2Bs and
moderate CXCL8 release in MDMs (Figure 5.8). Additionally, asthmatic EVs contain are able to
induce greater inflammation that non-asthmatic derived exosomes, with changes to protein
cargo (such as TN-C; Figure 4.6) and miRNAs (Paredes et al. 2012, Kulshreshtha et al. 2013,
Mazzeo et al. 2015, Lasser et al. 2016).
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Figure 6.2. The Proposed Inflammatory and Anti-Viral Implications of RV-Induced TN-C

and Exosome Release in the Airway

(1) Following RV-induced AEC TN-C release, the protein can migrate over short distances and
has been demonstrated to be able to bind to AECs and MDMs via the FBG domain. The
natural receptor of the FBG domain is TLR4, and AECs have low PM TLR4 and moderate
levels of intracellular TLR4, whilst macrophages have high levels of membrane TLR4. Due to
this, TN-C can induce large upregulation of inflammatory cytokine / chemokine release from
MDMs and moderate cytokine / chemokine release from AECs. The large TN-C isoform
released by AECs following RV-infection is more resistant to MMP9 degradation and the
inflammatory response induced by TN-C may form a transcriptional feedback loop, promoting
more TN-C expression and delivering a prolonged chronic airway inflammatory effect. (2)
Following RV-induced AEC exosome and exosomal-associated TN-C release, the exosomes
can travel over longer distance and once they encounter target cells (in this case, AECs and
MDMs), they will internalise and deliver the inflammatory cargo (including TN-C). This induces
a moderate inflammatory response from MDMs and a larger inflammatory and anti-viral
response from AECs. Exosomes from asthmatic AECs have been previously been
demonstrated to induced greater inflammation than exosomes from non-asthmatic AECs,
however, the extent to which TN-C plays a role, the other inflammatory and anti-viral mediators

involved and the receptors involved are yet to be elucidated.
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To summarise the pathway described in this study, the release of the large inflammatory isoform
TN-C is induced in response to RV is increased in asthmatics, this will persist in the airway and
induce cytokine / chemokine release from MDMs and moderate but chronic AEC CXCLS8
release, which could contribute to AHR. Furthermore, RV induces the release of exosomes in
airway epithelial cells, which are able to induce greater inflammation than non-infected AEC
exosomes. This could be potentiated further in asthma, with asthmatic exosomes containing
more inflammatory mediators such as certain miRNAs. Although TN-C is associated with
exosomes following RV infection and is upregulated alongside exosomal release, the role TN-C
has on exosome-induced inflammation is not yet elucidated. TN-C could also act on other
targets in the airways such as fibroblasts, and exosomes has been demonstrated to induce
inflammation in a number of cell types such as neutrophils and dendritic cells, which could

potentiate inflammation even further (Midwood et al. 2009).

6.1.7. Clinical Implications of RV-Induced TN-C and Exosome Release

The two pathways described have a humber of important potential therapeutic implications. TN-
C is a protein that can be targeted therapeutically by TLR4 inhibitors, with TLR4 inhibitor
treatment reducing cytokine release in vitro in synovial fibroblasts and macrophages (Midwood
et al. 2009), and thus this type of therapeutic intervention may be successful in helping to
dampen the excessive local immune response to TN-C following RV-dependent release.
Moreover, as the FNIlIl and EGF domains are important in the wound healing response
(Midwood and Orend 2009), the targeting of TLR4 may reduce inflammation, but not affect the

important wound healing response following airway epithelial damage in response to infection.

The revelation of exosome-induced inflammation following RV infection (which will have
components independent of TN-C, such as potential changes to miRNA profile), demonstrates
the need for a multi-targeted approach to fully address RV-mediated inflammation following
infection. Current work investigating exosomes as therapeutics has focused on utilising
exosomes as drug delivery vesicles, which has been shown to be more effective than liposomes
or synthetic vesicles (Ha et al. 2016). Drugs or proteins are either modified to be targeted
towards the ESCRT pathway, or by isolating the vesicles, inserting the drug and re-
administration of the exosomes into the target tissues. Anti-virals, anti-inflammatories and other
drugs, therefore, could be incorporated into airway epithelial cells vesicles, which may help to
dampen the immune response in asthmatics following viral infection. It would be important
however, that these changes do not dampen the immune response enough to allow RV

infection to continue.

Moreover, as TN-C has been demonstrated to be an accurate biomarker of RA diagnosis
(Schwenzer et al. 2016) and RV can be difficult to culture (Johnston et al. 1995b), the
association of soluble or exosome-associated TN-C expression could be utilised as a quickly

defined and accurate biomarker of virally-induced asthma exacerbations following
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hospitalisation. This could help with quicker diagnosis and suitable treatment of patients, and

aid studies investigating the causes of respiratory / asthma-associated hospitalisations.

Further investigation of the mechanisms behind RV-induced TN-C and exosomal release, as
well as the consequences of this pathway, will enable the role of RV-induced airway
inflammation and asthma exacerbations to be understood in more detail. This future work could
be crucial, as it could potentially lead to the development of therapeutic interventions in the

future.

6.2. Limitations and Future Plans

There are a number of future experiments that can be conducted in order to improve and further
elucidate information about the results in this study. Airway epithelial cell TN-C release has
been demonstrated to be TLR3 dependent and TLR7 independent, however it is not known
what other receptors, if any, are involved in this process during RV infection. An important future
experiment is to utlise siRNA to knockdown the expression of receptors involved in RV
signalling, such as TLR2, TLR3, RIG-I, MDA5, ICAM-1 and LDLs, in order to reveal which are
required for the induction of TN-C release. The results obtained following differential knockdown
of receptors will provide definitive evidence of the signalling pathways involve in the pathway,
and it will be interesting to determine whether the process is mainly TLR3 dependent, or
whether further receptors are required to be activated for maximal protein release. A further
technique to uncover the mechanisms behind this process is to treat the cells with differential
TN-C transcriptional regulators involved in RV infection, in order to define which cytokines
determine TN-C release. Preliminary results in this study have determined TNFa may play a
role in TN-C release following RV infection, but further investigation is required for a definitive
answer. Cytokines and chemokines such as TGF-, CCL5 and IL-4 may also play a role, and

should be investigated.

Another important experiment would be to investigate the apical-basal axis of TN-C release in
airway epithelial cells and this could be completed through ALI cell culture. Currently, the model
used in this study uses a submerged culture of epithelial cells, that whilst are the most
commonly used method for modelling the respiratory tract; they are not the most biologically
relevant method available. Submerged epithelial cell cultures (that are bought from suppliers)
allow the epithelial cells to form tight junctions, but these cells do not differentiate and become
ciliated and mucus producing. A number of cells taken from biopsies and cultured in this way
may differentiate in this way, but these cells seem to be lost in supplier bought batches. In order
to differentiation airway epithelial cells into mucus producing, ciliated cells, ALI cultures need to
be used. ALI's are epithelial cell transwell cultures that differentiate over a 30-day period to form
a pseudostratified mucocilliary epithelium that closely models the respiratory epithelium
(Pezzulo et al. 2011). ALI cultures have epithelial cells submerged in cell media and ciliated
goblet cells (which produce mucus) which are exposed to air. The current drawbacks of these

methods include the expensive nature of the assay, the length the assay takes, and they fact
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that these cells produce large amounts of mucus, that can make viral infection of these models
difficult. RV infection of ALI cultures would allow the collection of two distinct supernatants,
basal supernatants from the epithelial cells and apical washes from the ciliated cells, allowing
the apical-basal orientation of TN-C release to be determined. This could further help to
determine the function of the protein following release, as the apical and basal sides of the

epithelium are exposed to different cells, proteins and pathogens.

This study has focused on the expression of TN-C in exosomes following RV infection, as it is
most pertinent to the research aim. It is important in the future to perform full proteomics of the
exosome composition of AEC at basal levels and in response to RV infection, in order to reveal
what other cargo is modulated. Further analysis also needs to be carried out on asthmatic
samples, to investigate whether the TN-C structure and exosomal composition differs in AA
PBECs following RV infection, Analysis of TN-C mRNA splice expression in asthmatic samples
would reveal whether certain FNIII domains are implicated in the disease and whether RV can
further induce these domains. Further analysis of cell-associated TN-C in AA cells would also
allow confirmation as to if intracellular protein expression correlates with the observed increased
MRNA and released TN-C. Exosomes isolated from AA PBECs would allow the determination
as to whether exosomes from AA PBECs have a greater inflammatory phenotype and whether
this is potentiated further by RV infection.

Currently, the siRNA experiments performed in this study do not provide definitive evidence as
to whether TN-C knockdown, alongside RV infection, modulates cytokine / chemokine release,
and as to whether TN-C knockdown in exosomes modulates the amount of inflammation
induced in RV-induced AEC-derived exosome stimulation. Co-culture experiments with AECs
and MDMs, or AECs and other cells may help with this, as MDMs are more sensitive to TN-C
stimulation and this may allow any potential differences to be distinguished. Moreover, siRNA
treatment may be inducing inflammatory cytokine / chemokine release in the cells, either
through direct stimulation or by inducing exosome compositional changes. Thus using clustered
regularly interspaced short palindromic repeats (CRISPR) to create TN-C” PBECs, and
subsequent TN-C” exosomes, would allow greater control over TN-C expression and avoid

siRNA off target effects, such as cell cytotoxicity.

A number of further exosome stimulation experiments could be performed to elucidate the role
of these vesicles in RV-induced inflammation. First, stimulation experiments with exosomes
from AECs following RV infection needs to be completed, as these may produce differential
responses from poly(l:C)-derived exosomes demonstrated in this study and the RSV-derived
exosome stimulation study (Chahar et al. 2018). The rate of exosomal uptake can also be
measured by EV internalisation assays, and if exosomes are internalised at a greater rate
following RV infection, this may help determine whether TN-C plays a role in exosome target
cell attachment, like FN and galectin-3 (Kulkarni and Prasad 2017). Transmission electron
microscopy can also be used to image RV capsid or TN-C stained with an immunofluorescent

dye. This would allow determination as to whether RV virions are present in AEC exosomes
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following infection, and whether TN-C is present inside the vesicles or on the surface, helping to
further clarify the composition and role of the exosomes following infection. A CBA assay could
also be performed on supernatants of cells following TN-C and EV stimulation of AECs, in order
to reveal the full profile of cytokines and chemokines released, and importantly, the exosome
and TN-C stimulation experiments should be conducted on PBECs also, in order to determine

whether there are cellular differences between the cell line and primary cells.
6.3. Conclusion

In conclusion, this study has revealed a novel pathway whereby RV-infection of AECs induces
both the expression and release of TN-C, and the release of exosomes. TN-C and exosomes
produced upon viral infection are able to induce the release of inflammatory cytokines and
chemokines from a number of cells in the airway, which may have important implication for
asthma exacerbations.

It was demonstrated that overall TN-C mRNA expression, TN-C-FNIII-specific splice domain
MRNA expression and cell-associated TN-C expression could be modulated in response to RV
infection, ultimately leading to the significant release of TN-C from the cell. This pathway was
demonstrated to be TLR3-dependent and independent of TLR7 and cell cytotoxicity. One of the
most significant findings in this study is that TN-C release following RV infection was
demonstrated to be more pronounced in asthmatics, potentially revealing why TN-C has been
previously been demonstrated to be expressed in higher quantities in the asthmatic airway. The
study also revealed for the first time, that AEC viral TLR3-dependent stimulation induced
significant exosomal release and TN-C was associated with these exosomes, with expression

correlating with exosome number.

RV-induced TN-C release was demonstrated to induce large inflammatory CXCL8 release from
MDMs (correlating with previous work in the Midwood lab), whilst it was revealed for the first
time that TN-C-FBG had the ability to induce moderate CXCL8 release from AECs. The main
isoform released in response to RV infection was a large isoform >250 kDa in size, which has
previously been demonstrated to induce greater amounts of inflammation and is more resistant
to degradation, and thus RV-induced TN-C may persist in the airway, inducing chronic
inflammation in the airway. Perhaps most importantly, exosomes from RV-infected AECs
induced significant inflammatory and anti-viral cytokine / chemokines release from AECs, whilst
exosomes from non-virally cells did not, and both types of exosomes induced CXCLS8 release
from MDMs. The role of TN-C in RV-induced exosomal inflammation, however, is yet to be

elucidated.

The results in this study therefore, reveal two novel pathways of RV infection that have the
ability to induce substantial inflammation in the airway. Both of these pathways also have the
capacity to be potentiated further in asthma, and therefore may play roles in RV-induced

exacerbations of asthma. Further investigation will reveal whether TN-C and exosomes can be

184



targeted for therapeutic effect, in order to dampen the overactive inflammatory response in the

airway of asthmatics.
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