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Introduction: Influenza A virus (IAV) is a common respiratory pathogen that has caused millions of 

deaths throughout history. Airway epithelial cells are the first line of defence and primary target 

against IAV. Recently, airway epithelial cells have been shown to release lipid bilayer particles, 

termed extracellular vesicles (EVs). EVs provide a stable capsule for the transfer of biological 

molecules such as microRNAs (miRNAs). MiRNAs are small, non-coding regulatory RNAs that have 

been shown to be altered in response to respiratory stimuli, including viral infections and have 

recently emerged as an EV cargo with the potential as novel biomarkers and therapeutics.  
 

Aim: This thesis investigates the hypothesis that the miRNA profile of EVs released from bronchial 

epithelial cells is altered in response to infection with IAV, promoting the anti-viral immune 

response. 

  

Methods:  IAV infection of air-liquid interface (ALI) differentiated epithelial cells was 

characterised by analysing the expression of antiviral genes, cell barrier permeability and cell 

death. EVs were isolated by filtration and size exclusion chromatography from the apical surface 

wash of ALI cultured bronchial epithelial cells (BCi-NS1.1). The EV miRNA profile was then 

sequenced, and reads were mapped to miRBase. The sequencing results were validated by RT-

qPCR using healthy and COPD primary epithelial cells. Functional analyses of the miRNAs was 

completed by in silico analyses and transfection of BCi with miRNA mimics and inhibitors.  

  
Results:  Infection of ALI cultured epithelial cells with IAV at 3.6 x 106 IU/ml for 24 hours was 

determined to be a suitable condition for EV analyses due to the detection of significant 

upregulation of anti-viral genes without high levels of cell death or loss of barrier integrity. The 

presence of EVs released from ALI cultured bronchial epithelial cells was confirmed by 

visualisation using electron microscopy and detection of known EV markers such as CD9, CD63 

and CD81 using western blot and the ExoView R100 platform. Differential expression analyses 



 

 

identified 13 miRNAs that were differentially expressed between EVs released from IAV infected 

BCi compared to uninfected BCi (FDR <0.01). Of these 5 had a fold change of >1.5: miR-155-5p, 

miR-122-5p, miR-378a-3p, miR-7-5p and miR-146a-5p and 1 had a fold change of <-1.5: miR-505-

5p. Differences between EV, non-EV and cellular levels of these miRNA were detected. 

Furthermore, the EV miRNA response to IAV was reduced for PBECs obtained from COPD patients 

and was altered with participant age. miRNA target prediction and functional analysis was 

performed using miRNet to identify biological processes and pathways that were enriched for the 

target genes of these miRNAs. Target genes were found to be associated with immune and 

damage response further suggesting that these miRNAs are involved in immune response to IAV.  

  

Conclusion: EV miRNA may be a key mechanism in modulating the response to IAV and therefore 

are potential targets for future therapies. However further work to determine transfer of EV 

miRNA and fully characterise the function of EV miRNA in response to IAV is required.  
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1 Introduction 

1.1 Influenza  

1.1.1 Burden 

Throughout history, the world has witnessed a series of respiratory viral outbreaks with 

devastating consequences to human life. These outbreaks are due to the highly transmissible 

nature of respiratory viruses either directly through inhalation of airborne particles or indirectly 

via contact with contaminated objects. In 1918, the crowding and movement of soldiers in the 

First World War provided ideal conditions for a novel influenza strain to spread, infecting one-

third of the world population, and killing an estimated 50 million people (1). Influenza strains are 

classified into subtypes based on the antigenic properties of the surface glycoproteins. The 1918 

influenza pandemic was caused by H1N1 subtype. Further influenza pandemics occurred in 1957 

and 1968, by H2N2 and H3N2 subtypes respectively, as a result of genetic reassortment with low-

pathogenic avian influenza (2).  In 2009 a novel influenza reassortant derived from swine 

influenza viruses caused the “swine flu” pandemic (3). Furthermore, the global impact of 

respiratory viral outbreaks is exemplified by the recent SARS-CoV-2 pandemic that has caused 

millions of deaths, life changing morbidity and severe economic damage (4). The possibility of 

another influenza pandemic through the evolution of highly pathogenic influenza viruses, such as 

H5N1, is a major concern for public health (5). H5N1 has been associated with high mortality rates 

(approximately 60%), but has so far shown limited transmissibility from person to person. 

Even in the absence of pandemics, countries with temperate climates, such as the UK, experience 

strong seasonal cycles of respiratory infections, peaking in the winter months. Influenza virus 

continues to be one of the most common seasonal human respiratory tract infections and causes 

seasonal epidemics (6). The H1N1 and H3N2 influenza subtypes currently circulate in humans and 

are responsible for seasonal influenza. A broad spectrum of clinical disease severity, from 

asymptomatic infection to death is observed in individuals with seasonal influenza. In severe 

cases, influenza can damage the airway and alveolar epithelium leading to potentially fatal diffuse 

alveolar damage complicated by secondary bacterial infections and pneumonia (7). While the 

majority of individuals infected with influenza will experience symptoms such as a sore throat, 

cough and fever that do not require hospitalisation, it is associated with high levels of loss of 

working days and productivity contributing to the substantial financial burden of the disease to 

society (8). On the other hand, in populations including the young, the elderly and those who 

have chronic illnesses such as chronic obstructive pulmonary disease (COPD) and heart disease, 
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seasonal influenza causes substantial morbidity that often requires hospitalization and can be 

fatal. Annual seasonal influenza epidemics are responsible for an estimated 291,000 – 646,000 

deaths a year worldwide (9). Epidemiological studies have revealed hospitalisation rate due to 

influenza is highest among people aged ≥65 year. Approximately 47% of reported influenza-

associated hospitalisations and over 90% of influenza-related deaths occur in older adults (10).  

Vaccination remains the most cost-effective method currently available for reducing the 

morbidity and mortality associated with influenza infection. Although vulnerable populations are 

vaccinated annually against influenza, the vaccination relies on antibody responses that are often 

short-lived and directed against specific influenza strains and thus they are not protective against 

novel influenza viruses (9). Furthermore, the diminished influenza-vaccine response and 

protection observed in the elderly is a major challenge. A better fundamental understanding of 

the interplay between influenza and the host immune response is required for the development 

of novel anti-viral therapeutics to reduce the socioeconomic burden of influenza. In particular, 

further research is required to unravel the mechanisms modulating the anti-viral immune 

response to limit damage and promotion of chronic disease.   

1.1.2 Influenza and COPD  

COPD impacts the lives of hundreds of millions of people worldwide and is the third leading cause 

of death (11,12). It causes progressive and irreversible lung function decline associated with 

chronic persistent inflammation that promotes narrowing of airways, impaired mucociliary 

clearance and emphysema  (13,14).  Non-reversible airflow obstruction observed in COPD can be 

quantified by spirometry by measuring the postbronchodilator forced expiratory flow in 1 second 

(FEV1) and forced vital capacity (FVC). An FEV1/FVC ratio of less than 0.70 is required for the 

diagnosis of COPD (15). Furthermore, the FEV1 percentage predicted informs the severity of lung 

function impairment, which is classified as mild (FEV1 ≥80% of predicted), moderate (FEV1 of 

50%–79% of predicted), severe (FEV1 of 30%–49% of predicted), or very severe (FEV1 <30% of 

predicted). 

The main pathological driver of COPD is sustained exposure to noxious stimuli such as cigarette 

smoke that damages the airways and promotes a chronic inflammatory cascade and a defective 

pulmonary immune response (16). An association between COPD genetic determinants and 

COPD-related phenotypes has also been suggested (17). The most well-established genetic risk 

factor is the hereditary deficiency of alpha-1 antitrypsin (AAT) (18). However, the molecular 

mechanisms driving disease progression in COPD, even following removal of environmental risk 

factors including smoking cessation, remain poorly understood. 



1 

3 

COPD individuals are more susceptible to respiratory infections due to the physiological 

abnormalities including compromised mucociliary and barrier functions observed (19). Virus-

infected COPD airway epithelial cells have been reported to display defective antiviral responses 

and induce disproportionate cytokine expression (20,21). Respiratory infections are a common 

cause of COPD exacerbations, which lead to worsening of symptoms and increased risk of 

hospitalisation and morbidity (22–25). Systemic inflammation and endothelial dysfunction driven 

by respiratory infections have also been associated with a higher incidence of acute 

cardiovascular events following exacerbation of COPD (26,27). A longitudinal multicentre COPD 

cohort study revealed respiratory viral infections account for around 30% of exacerbation cases. 

Influenza was the second most common virus identified associated with COPD exacerbations, with 

a prevalence ranging from 2.5 to 11.6%, the first one being rhinovirus (prevalence 7.2 to 27.3%) 

(28). Recently influenza has been reported to significantly increase the risk of ischemic stroke, 

pneumonia, respiratory failure, and COPD acute exacerbations among COPD patients (29). Other 

studies have shown a reduced number of exacerbations, hospitalisation and mortality in COPD 

patients vaccinated against influenza (30). Influenza infection results in airway epithelial barrier 

disruption and downregulates the host immune response promoting secondary bacterial 

infections.  Colonisation of the airways of COPD patients by bacteria such as Haemophilus 

influenzae, Streptococcus pneumoniae and Moraxella catarrhalis is also common during both 

stable disease and exacerbations (31–33). In particular, the acquisition of new bacterial strains 

appears to be associated with an increased risk of COPD exacerbations (34,35).  

Overall, the underlying molecular mechanisms of the dysregulated airway inflammatory response 

induced by influenza in COPD patients remain unclear. Further work is required to understand the 

mechanism of deficient airway innate immunity involving epithelial cells observed in COPD and 

their contribution to disease exacerbations. Therapeutic approaches to boost innate antimicrobial 

immunity in the lung could be a useful strategy for the prevention and treatment of frequent 

exacerbations. However, it will be important to uncouple the mechanisms that are essential for 

anti-viral defence from those that also contribute to immunopathology.  

1.1.3 Influenza structure and mechanism 

Influenza has been classified into four genera (A, B, C and D) that together with Thogotovirus, 

Quaranjavirus, and Isavirus form the Orthomyxoviridae family (36). Members of the 

Orthomyxoviridae family are characterized by 80–120 nm enveloped virions with single-stranded, 

negative-sense, segmented ribonucleic acid (RNA) genomes. The four influenza virus genera differ 

in structure, host species and pathogenicity (36). Influenza A virus (IAV) infects humans as well as 

a wide variety of other mammals including, cats, dogs, birds and pigs (37). On the other hand, 
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influenza B virus (IBV) only infects humans and influenza C virus (ICV) infects humans and pigs 

(38). Most recently identified, influenza D virus (IDV) infects cattle, pigs and small ruminants (39). 

Both IAV and IBV can cause severe upper respiratory disease and seasonal flu epidemics (37). In 

contrast, ICV infections are generally mild and rarely reported. Furthermore, IAV strains of 

zoonotic origin have historically caused sporadic and unpredictable global pandemic outbreaks 

(37). Given its role in seasonal epidemics and global pandemics in the human population, this 

study investigates the IAV genera and therefore the characteristics of other genera will not be 

discussed further in this literature review. 

The viral genome of IAV is composed of eight segments of nucleoprotein-enwrapped single-

stranded RNA in the negative sense (40,41). These eight genome segments encode viral proteins 

including the RNA-dependent RNA polymerase (RdRp) consisting of PB1, PB2 and PA, two surface 

glycoproteins (hemagglutinin (HA) and neuraminidase (NA)), the nucleoprotein (NP), the matrix 

protein (M1), the proton channel protein (M2), and two nonstructural proteins NS1 and NS2. The 

eight viral RNA (vRNAs) are found as individual viral ribonucleoprotein (vRNP) complexes that is 

wrapped around numerous copies of the NP. The outcome of the influenza virus entry into the 

host cell is to release the eight viral genome segments into the nucleus to initiate virus 

transcription and replication (Figure 1.1).   

IAV preferentially targets polarised respiratory epithelium from the apical surface. Airway 

epithelial cells possess surface glycoconjugates that contain sialic acid (SA) residues that function 

as binding sites for IAV major surface protein, HA. In general, the HA of human adapted IAVs 

preferentially recognises α2,6 linked SA (α2,6-SA) whereas avian IAVs preferentially binds to α2,3 

linked SA (α2,3-SA)(42). In humans, α2,6-SA are predominantly present on ciliated airway 

epithelial cells from the nose to respiratory bronchioles. In contrast, α2,3-SA are mainly present 

on bronchiolar non-ciliated cuboidal cells and alveolar type II pneumocytes of the lower 

respiratory tract.  

IAV attachment to a host cell induces endocytosis using the clathrin-dependent mechanism (43). 

IAV can also be taken up through the actin-dependent formation of large endocytic vesicles called 

macropinosomes (43). Influenza viruses exploit the transport system via distinct endosomal 

stages and simultaneously occurring changes in pH in the late lysosome to release their vRNPs 

into the cytoplasm (44). The low pH of endosomes triggers a conformational change in the HA 

glycoprotein that exposes a fusion peptide and fusion of viral and endosomal membranes. In 

addition, it opens the M2 proton channel for proton flux into the virus and triggers uncoating 

including the detachment of M1 from the vRNPs, resulting in the release of the vRNPs into the 

cytoplasm (45). The vRNPs are imported to the nucleus by interacting with the cellular importin-
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α/β (43). RdRp initiates RNA synthesis including transcription and replication of the viral RNA. 

Nuclear export of vRNPs via nuclear export protein is mediated by bridge formed by M1 (46). The 

vRNPs along with newly translated viral proteins including HA, NA, and M2 are transported to the 

plasma membrane and virus particles bud from the cells. NA cleaves sialic acid residues from 

glycoproteins and glycolipids enabling the particle to be released (43).   

 

Figure 1.1 Influenza structure and replication mechanisms 

Replication of influenza A viruses in the lung epithelium. 1. Attachment of haemagglutinin (HA), expressed 

on the surface of the influenza virion, with sialic acid residues linked to cell surface glycans on the plasma 

membrane of the target cell. 2. The virus then enters the cell via endocytosis or micropinocytosis. 3. 

Acidification activates the proton selective matrix protein-2 viral channel (M2), inducing membrane fusion 

and uncoating of the viral ribonucleoprotein (RNP) core. 4. RNP is then transported to the nucleus where 

viral RNA transcription and replication occurs. 5. Progeny viral RNP cores are generated in the cytosol and 

viral protein synthesised. 6. RNP along with the viral surface proteins, HA and neuraminidase (NA), and 

other viral proteins, are assembled at the plasma membrane. 7. Budding of these plasma membrane regions 

releases the influenza virion. Created with BioRender. 

1.2 Host immune response against influenza 

A dynamic interplay between the immune system and viral anti-immune strategies exists. 

Bronchial epithelial cells that line the airway lumen are the first line of defence at the lung 
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interface and perform a crucial role in maintaining normal airway function (47,48). The bronchial 

epithelium is composed of several different cell types including roughly 50-70% ciliated cells, 25% 

goblet cells, 11% club cells, 30% basal cells and 1-2% recently discovered ionocytes (49–53).  

Undifferentiated basal cells have stem cell properties and can differentiate into ciliated cells, club 

cells or goblet cells in normal tissue turnover as well as in tissue repair (51).  Lung epithelial cells 

are not only the first physical barrier against respiratory viruses, but they also rapidly recognise 

the viral antigens with a variety of pattern recognition receptors, trigger the immune and 

inflammatory responses by releasing cytokines, and regulate potentially harmful inflammation. 

Furthermore, the lung has a unique set of immune cells such as lung resident dendritic cells, 

alveolar macrophages and interstitial macrophages, as well as basophils and mast cells which, 

together with epithelial cells, form an interconnected network that orchestrates lung immunity. 

Innate immunity is critical for host survival by the containment of viral spread and subsequent 

activation of the adaptive immune response. 

1.2.1 Innate Immunity 

1.2.1.1 First line of defence  

Bronchial epithelial cells that line the airways provide a physical barrier against the entry of 

pathogens via strong intercellular junctions such as tight junctions, adherens junctions and gap 

junctions (54). In addition, the surface of the trachea and bronchioles is coated in a layer of mucus 

secreted by goblet cells that trap inhaled pathogens. The mucus is then cleared by motile cilia on 

the apical surface of ciliated epithelial cells protecting the lungs against infection. In COPD, mucus 

overproduction and decreased mucociliary clearance are observed due to structural and 

functional changes to the airway epithelium (16). Mucus is composed of a mixture of mucin 

proteins (predominantly mucin 5AC and mucin 5B) that are decorated by a diverse repertoire of 

carbohydrate moieties, including sialic acid and sulphate residues. Therefore, not only do mucins 

form a physical barrier preventing IAV from accessing the airway surface, but also can act as 

decoys for the sialic acid receptors on the respiratory epithelium. In support of this, plaque assay 

experiments demonstrated that purified MUC5AC reduced IAV infection in a murine model (55).  

Bronchial epithelial cells secrete a range of other antimicrobial factors including β-defensins that 

disrupt the viral envelope and inhibit viral entry into the cell (56). The β-defensin 1 isoform is 

expressed constitutively by human airway epithelial cells whereas expression of β-defensin 2, 3 

and 4 is inducible (57). Using a murine model influenza infection has been shown to increase the 

expression of β-defensin 3 and 4 in the airway epithelium and β-defensin deficient mice have 

been shown to have a worse outcome from IAV infection (58,59).  



1 

7 

1.2.1.2 Recognition of IAV 

The antiviral response depends on the ability of host cells to rapidly sense the invasion of foreign 

pathogens. Infected bronchial epithelial cells along with alveolar macrophages and dendritic cells 

detect IAV by pathogen recognition receptors (PRRs) that bind viral conserved components called 

pathogen associated molecular patterns (PAMPs) or damage-associated molecular patterns 

(DAMPs) (56). Viral RNA are major PAMPs for RNA viruses including IAV and can be detected by 

several PRRs including Toll-like receptors (TLRs), RIG-I-like receptors and NOD-like receptors 

(Figure 1.2). Unlike mammalian messenger RNA (mRNA), the IAV viral genome contains uncapped 

RNA segments with phosphate groups at their 5′-termini (60). This allows receptors to distinguish 

viral from mammalian RNA (60). These pattern-recognition receptors are important sensors that 

recognise infectious pathogens and activate downstream signalling cascades that drive host 

defence responses.  

 

Figure 1.2 IAV innate immune recognition 

TLR3 and TLR7 sense viral PAMPs within the endosome and cell membrane.  RIG-I recognizes cytosolic viral 

RNA and by interacting with MAVS, induces type I and III IFN responses through the transcriptional factors 

NF-κB and IRF. These cytokines bind to the epithelial cells own IFNAR/IL28RA receptors or that expressed by 

other cells causing expression of Interferon Stimulated Genes (ISGs) and an antiviral state. In parallel, 

cytosolic single-stranded RNA and damage associated molecular patterns (DAMPs) can also interact with 

NLRP3 of the inflammasome complex to cause cleavage and activation of caspase-1 and induction of IL-1β 

and IL-18. Made in BioRender. 
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The expression of antiviral TLRs, including TLR3 and TLR7, have been detected intracellularly and 

on the apical cell surface of epithelial cells (61,62). This is distinct from antigen-presenting cells in 

which antiviral TLRs are typically located on endosomal membranes. While TLR3 has typically 

been described to recognise double-stranded RNA, its ability to recognise influenza is currently 

not clear given that viral double-stranded RNA is not generated in influenza infected cells due to 

the activity of RNA helicase (63). However, it has been suggested that TLR3 recognises virus-

derived single-stranded RNA with mismatched stems, host cell mRNA and RNA from necrotic cells 

during influenza infection (64). On the other hand, TLR7 has widely been shown to sense single-

stranded RNA from viruses including IAV (65). In addition, when the IAV RNA exits the endosomal 

compartment into the cytoplasm it is detected by RIG-I-like receptors via the 5′-triphosphate-

containing panhandle structure. The panhandle structure formed from viral RNA primary function 

is to serve as the viral promoter for transcription and replication (66).  

During IAV infection, TLR3 has been reported to induce the secretion of cytokines that can aid 

viral clearance but also lead to pathology (62). This has been demonstrated by the increased 

survival rate of TLR3 knockout mice (67).  TLR7 and RIG-I also contribute to the production of type 

I interferons (IFNs) (68).  Mice deficient in the RIG-I downstream adapter molecules mitochondrial 

antiviral-signaling protein (MAVS) and TLR7 failed to induce type I IFNs and increased mortality in 

response to IAV (69). IAV-induced disease and mortality in Tlr7−/− and Mavs−/− mice appeared to be 

due to caspase and neutrophil-dependent tissue damage that increased secondary bacterial 

infection (69). Crotta et al. demonstrated that in alveolar epithelial cell lines, knocking out TLR7 or 

MyD88 had little effect on type I or III IFN production in response to IAV, but MAVS ablation 

greatly reduced IFN levels (70). Therefore, the MAVS sensing pathway may function as the 

dominant mechanism of IAV sensing and IFN induction in alveolar epithelial cells. NOD-like 

receptors (NLRs) form part of the multi-protein inflammasome complexes that process caspase 1 

and induces the cleavage of pro-interleukin (IL)-1β into its active form IL-1β. In the setting of IAV 

infection, the NLR family pyrin domain containing 3 (NLRP3) is the most studied NLR family 

member (71). NLRP3 is expressed in the cytosol and recognises single-stranded RNA and DAMPs. 

Human airway epithelial cells have been shown to express NLRP3 and secrete IL-1β when 

challenged with IAV (72).  

Apart from TLR3, which signals through TRIF adaptor molecule, all other TLRs utilize their 

cytoplasmic toll-interleukin-1 receptor domain to regulate cellular responses via their adaptor 

protein, MyD88, and kinases to initiate innate inflammatory responses (73). In addition, multiple 

TLRs in airway epithelial cells produce innate immune responses by activating epidermal growth 
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factor receptor (EGFR) pathway via an epithelial cell signalling cascade. TLR activation upregulates 

signalling via the reactive oxygen species -TNFα-converting enzyme -EGFR pathway, which results 

in IL-8 and vascular endothelial growth factor production (74). 

1.2.1.3 Immune regulatory molecules 

Recognition of viral components by PRRs leads to activation of the fast but nonspecific innate 

immune response which is critical given components of the adaptive immune response are not 

detected until around 5 days after infection (75). Bronchial epithelial cells along with resident 

alveolar macrophages and dendritic cells, orchestrate the recruitment of immune cells including 

monocytes, neutrophils and natural killer cells to the lung (Figure 1.3). These immune cells 

contribute to the further release of cytokines and chemokines mediating inflammation as 

described below.  

 

Figure 1.3 The respiratory epithelium, immune cells and immune factors involved in IAV infection.  

Bronchial epithelial cells that line the airways provide a physical barrier and release mucus that is then 

cleared by motile cilia on the apical surface of ciliated epithelial cells. IAV infected cells undergo apoptosis 

that promotes removal of infected cells. Macrophages clear apoptotic cells via phagocytosis. Bronchial 

epithelial cells along with resident alveolar macrophages and dendritic cells, orchestrate the recruitment of 

immune cells including monocytes, neutrophils and natural killer cells to the lung. These immune cells 

contribute to the further release of immune mediating molecules that promote viral clearance.  Created in 

BioRender. 

Upon viral recognition specific transcription factors, NF-κB, IRF3 and IRF7 are activated and 

translocate into the nucleus where they initiate the transcription of genes encoding IFNs, 

chemokines and pro-inflammatory cytokines. An increase in the concentration of cytokines and 
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chemokines, such as IL-6, IL-8/C-X-C motif ligand (CXCL)-8, CXCL10 and C-C motif ligand (CCL)-2 

can be detected within a few hours of IAV infection (56). The role of IL-6 during inflammation is 

complicated, in addition to its well-known pro-inflammatory properties, it also elicits anti-

inflammatory effects under certain situations. IL-6 has been suggested as crucial for lung repair 

after influenza-induced lung injury by reducing fibroblast accumulation, promoting epithelial cell 

survival, increasing macrophage recruitment to the lung and enhancing phagocytosis of viruses by 

macrophages (76). CXCL9, CXCL10 and CXCL11 are involved in T cell recruitment in the anti-viral 

immune response. However, of these three, CXCL10 is most highly upregulated in epithelial cells 

in response to IAV (77). CXCL10 induces monocyte stimulation, natural killer and activated T cell 

migration and modulation of adhesion molecule expression (78). CXCL8 and CCL2 are potent 

neutrophil and monocyte chemoattractants respectively (79,80). Traditionally, Tumour Necrosis 

Factor (TNF)-α has been considered a pro-inflammatory cytokine with mice deficient in TNF 

receptor exhibiting prolonged survival, reduced morbidity, and pulmonary infiltration following 

infection with IAV (81). Despite strong evidence supporting a pro-inflammatory role for TNF-α, it 

is becoming increasingly clear that TNF-α is also capable of exerting immunoregulatory effects 

during infection.  Soluble, but not transmembrane, TNF-α is required during influenza infection to 

limit the magnitude of immune responses and the extent of immunopathology (82).  

Type I interferons (IFN-α/β) and the recently discovered type III IFNs (IFN-λ1, -λ2, -λ3) are central 

players in innate antiviral responses. Once released, type I and type III IFNs bind to their 

respective receptors IFNAR2 and IL-28Rα/IL-10Rβ on the same and/or neighbouring cells, and this 

initiates the expression of hundreds of genes, grouped as IFN-stimulated genes (ISGs). These ISGs 

have a variety of functions including inducing immune responses in neighbouring cells and limiting 

viral replication and spread. Key ISGs in IAV infection include myxovirus resistance protein (Mx), 

IFN-induced transmembrane protein 3 (IFITM3) and interferon-stimulated gene 15 (ISG15) (83). 

Mx proteins interact with the IAV nucleocapsid preventing its entry into the nucleus, thereby 

inhibiting viral genome transcription and replication (84). IFITM3 is a small, conserved 

transmembrane protein that was among the first ISGs identified and restricts the proliferation of 

a broad range of viruses. By modulating endosomal cholesterol, IFITM3 blocks pH-dependent 

fusion in the late endosome and so impairs viral entry to the cytoplasm. ISG15 is a ubiquitin-like 

protein that restricts viral replication by interfering with virus release and translation of viral 

protein. 

Furthermore, detection of PAMPs by cytoplasmic PRRs results in priming of the inflammasome 

pathway through increased expression of caspase 1, pro–IL-1β, and pro–IL-18 (85). Subsequent 

activation of inflammasome complex assembly is also required through several diverse signals 

such as, potassium efflux, lysosomal damaging factors and mitochondrial damage. IAV M2 ion 
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channel activity in the Golgi apparatus activates inflammasome formation. This results in the 

secretion of the mature IL-1β that both stimulates release of other cytokines and chemokines by 

the epithelium and increases adhesion molecule expression, enhancing immune cell recruitment 

to the lungs.  

Immune cells aid in the destruction and clear up of IAV infected epithelial cells.  Macrophages and 

dendritic cells phagocytose and destroy IAV-infected cells limiting viral release and initiating 

adaptive immune responses including B cell-mediated humoral immunity by presenting viral 

antigens to T cells (54).  NK cells are important cytotoxic lymphocytes of the innate immune 

system that can eliminate IAV infection. Expression of IAV-HA on the surface of infected cells is a 

recognition signal for NK cells, that then lyse the infected cells (54). 

1.2.2 Adaptive immunity  

Adaptive immune memory from previous IAV infection or immunisation can prevent infection or 

limit the development of symptoms or severe complications. Hence why young children who are 

immunologically naive to influenza virus are at greater risk of severe disease. In addition, the age-

related declines of both the innate and adaptive immune systems result in increased susceptibility 

and severity of infection in older adults.  

Dendritic cells are specialised antigen-presenting cells that bridge the innate and adaptive 

immune responses during the IAV infection (54). Dendritic cells migrate from lungs to lymph 

nodes leading to T-cell proliferation and differentiation of naïve CD8 T cells into cytotoxic T 

effector cells. Upregulation of MHC I on infected respiratory epithelial cells and dendritic cells 

results in the presentation of viral antigens to CD8+ cytotoxic T lymphocytes (54).  This activates 

them to kill virally infected cells through the release of pore forming proteins like perforin. In 

addition, presentation of viral antigens via MHC II activates antigen-specific CD4+ helper T 

lymphocytes (75). The activated helper T lymphocytes (specifically the T helper 1 phenotype) 

produce IL-2 and proliferate, which promotes cytotoxic T lymphocyte activity, and IFN-γ, which 

promotes differentiation of B lymphocytes and the production of antiviral antibodies (75). 

Immunosenescence, characterized by impaired humoral responses and reduction in T cell 

receptor diversity and T cell function are thought to contribute to the increased disease severity 

witnessed in elderly populations (86). 

1.2.3 Influenza immune evasion 

Despite several immune mechanisms to neutralize invasive pathogens or restrict viral replication, 

IAVs have evolved diverse strategies to evade host immunity and establish successful infection 
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(87–89). Several influenza virus proteins have a direct role in inhibiting the IFN system, including 

the influenza NS1, which suppresses the type I IFN response. In addition, NS1 can trigger the 

apoptosis of human airway epithelial cells via a caspase-dependent mechanism during the IAV 

infection. IAV has also been shown to take advantage of specific cellular negative regulators of IFN 

to further decrease the antiviral effects of IFN including upregulation of suppressor of cytokine 

signalling (SOCS) factors (69). In addition, IAV has adapted neuraminidase activity to help 

penetrate mucins via the degradation of sialic acids and evade antiviral treatments such as 

oseltamivir (90). 

IAV can also undergo a process termed “antigenic drift” that involves the accumulation of 

mutations in the viral surface glycoproteins that can be rapidly selected for if they present an 

evolutionary advantage to escape the host immune response (41). The low fidelity of influenza 

RNA polymerase and exonuclease proofreading capability promotes the accumulation of 

mutations and antigenic drift. This alters the structure of antigenic surfaces recognised by the 

humoral responses and the ability of the virus to infect. The 1918 pandemic was thought to be 

caused by the antigenic drift of a fully avian virus to a form that could infect humans efficiently. In 

addition, HA (and to a lesser extent NA) gene segments can undergo genetic re-assortment in a 

process termed “antigenic shift”. Genetic re-assortment of two different strains of influenza 

originating from different species can occur after simultaneously infecting a host (41). This leads 

to the formation of novel strains of influenza to which most people have little or no immune 

protection and therefore usually leads to a global pandemic.  

1.3 Extracellular Vesicles 

The immune and inflammatory response must be tightly regulated. Although the host response is 

essential in viral clearance in some cases IAV induces excessive inflammation or unbalanced 

production of inflammatory mediators that can be detrimental to the organism via the 

amplification of tissue damage, injury and increased susceptibility to fatal secondary infection 

(91). This communication has been widely studied in terms of cytokines, chemokines and other 

soluble mediators. However, in recent decades, research into the role of extracellular vesicles 

(EVs) in cellular communication modulating disease pathology has increased dramatically.  

1.3.1 Introduction to extracellular vesicles 

EVs are highly heterogeneous lipid bilayer particles produced by most cell types. Based on the 

mechanism of biogenesis, EVs can be categorised into three distinct subgroups; exosomes, 

microvesicles and apoptotic bodies (Figure 1.4) (92). Exosomes are the smallest subclass of EVs 
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with a diameter ranging from 30 nm to 100 nm (93). They are formed as intraluminal vesicles by 

inward budding of the endosomal membrane and are then released into the extracellular space 

(94). Several molecules are involved in the biogenesis of intraluminal vesicles, such as the ESCRT 

machinery, lipids (such as ceramide) and the tetraspanins (such as CD9, CD63, CD81) (94). 

Furthermore, RAB proteins (RAB11, RAB27 and RAB35) have been shown to be involved in the 

transport of multivesicular bodies to the plasma membrane and in exosome secretion. In 

contrast, MVs are 50 nm to 1000 nm in diameter and are formed by direct budding from the 

plasma membrane (94). Lastly, apoptotic bodies have the broadest range of diameters (50–5000 

nm) and are produced by cells undergoing apoptosis (95). 

Our understanding of the role of specific EV subgroups remains limited due to the technical 

challenges associated with isolating pure subgroups, including EV size overlap and the current lack 

of subgroup specific markers (96). These challenges have been recognised by the International 

Society of Extracellular Vesicles (ISEV). The 2018 ISEV guidelines now advise referring to EVs as a 

whole or EV subtypes based on their physical characteristics, such as size for example “small EVs” 

(sEVs) (92). Therefore, in this report EVs will be considered as a whole, rather than specific 

subgroups.  

Currently reported EV isolation techniques include ultracentrifugation, size-exclusion 

chromatography (SEC), ultrafiltration, precipitation, immunoaffinity capture and more recently 

asymmetric flow field-flow fractionation (AF4) has been used to fractionate EV subpopulations 

(97). Using AF4 non-vesicular nanoparticles that are 20–50 nm in diameter, were identified and 

given the name exomeres (98). However, ultracentrifugation and size exclusion chromatography 

(SEC) are still the most commonly used EV separation method. Several studies have also 

demonstrated the superiority of SEC over conventional EV separation techniques, such as 

ultracentrifugation and precipitation with chemical agents in terms of removal of contaminating 

particles and less compositional and structural alteration (97). SEC consists of a column filled with 

porous beads that separates particles based on their size. Smaller particles are able to diffuse into 

the beads and therefore are eluted later than larger particles. In addition, SEC allows high 

recovery rate without the need for expensive specialised equipment such as a high-power 

centrifuge or AF4.  

Originally considered to be cell debris, EVs have since been shown to transfer lipids, proteins and 

nucleic acids as a form of intercellular communication (99,100). EV cargo varies depending on the 

cellular origin or pathophysiological conditions. Comprehensive ‘omics’ approaches including 

proteomic (mass spectrometry) and transcriptomic (RNA sequencing) analysis have successfully 

enabled profiling of EV cargo. The role of EVs has been widely implicated in many chronic lung 
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diseases (101). In response to environmental stress, EVs are enriched in surface proteins with 

immunoregulatory functions, such as heat shock proteins and the major histocompatibility 

molecules (MHC) class I and II (102,103). Other inflammatory mediators such as cytokines, 

chemokines and proteolytic enzymes have also been shown to be transferred in EVs modulating 

the behaviour of the recipient cells (104). This study focuses on the role of microRNA (miRNA) as 

EV cargo.  

 

Figure 1.4 Schematic depiction of EV subtypes, including exosomes, microvesicles, and apoptotic bodies  

Based on the mechanism of biogenesis, EVs can be categorised into three distinct subgroups; exosomes, 

microvesicles and apoptotic bodies. Exosomes are the smallest subclass of EVs with a diameter ranging from 

30 nm to 100 nm. They are formed as intraluminal vesicles by inward budding of endosomal membrane to 

form multivesicular bodies (MVB) and are then released into the extracellular space. In contrast, MVs are 50 

nm to 1000 nm in diameter and are formed by direct budding from the plasma membrane. Lastly apoptotic 

bodies have the broadest range of diameters (50–5000 nm) and are produced by cells undergoing apoptosis. 

Created in BioRender. 

1.3.2 Extracellular vesicle miRNA 

1.3.3 Introduction to miRNAs 

Originally discovered around 30 years ago, microRNAs (miRNAs) are the most abundant class of 

small non-coding RNAs. Biosynthesis of miRNAs involves a series of complex mechanisms that 

begins with the generation of long primary transcripts called pri-miRNA by RNA polymerase II 

(Figure 1.5) (105). This pri-miRNA is then cleaved by the RNase III enzyme Drosha and its partner 
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DGCR8 Microprocessor Complex Subunit to form precursor miRNAs (pre-miRNAs). These pre-

miRNAs are then exported from the nucleus to the cytoplasm by exportin-5-Ran-GTP complexes 

(106). In the cytoplasm, pre-miRNAs are cleaved by the endonuclease DICER to generate a short 

“active” molecule of mature miRNA approximately 22 nucleotides in length. The mature miRNA 

duplex is loaded into the Argonaute (AGO) family of proteins to form a miRNA-induced silencing 

complex (miRISC) (105). This miRISC anneals to the 3′-untranslated region of target mRNAs, 

silencing the corresponding gene post-transcriptionally by inducing mRNA degradation or 

repressing protein production. MiRNAs have been reported to be involved in most biological 

pathways and cellular processes including cell proliferation, differentiation, autophagy, 

metabolism and immune responses (107–109). They are suggested to regulate over 60% of all 

protein-coding genes in multicellular organisms at the post-transcriptional level (110). 

Furthermore, dysregulation of miRNAs has been reported in a wide range of diseases such as viral 

infections, COPD, cardiovascular disease and cancer (111–113).  

The miRNA content of EVs is markedly different from the RNA content of the parent cell. It has 

therefore been suggested that cells are capable of altering the concentration of EV RNAs through 

sorting mechanisms. Several mechanisms have been reported for sorting miRNA into EVs and 

have recently been extensively reviewed by Groot et al (114). These mechanisms broadly include 

RNA-binding proteins such as hnRNPA2B1, membranous proteins involved in EV biogenesis such 

as Caveolin-1 and posttranscriptional RNA modifications such as 3’-end uridylation (115,116). 

Despite the knowledge that cells can selectively sort miRNA into EVs, the different mechanisms 

and purpose of this sorting is still under debate. 

Distinct EV-associated miRNA signatures have been reported for various diseases (117). EV miRNA 

has therefore been implicated in the development of pathophysiological processes (including 

inflammation or fibrosis), resulting in the promotion of disease (118). In some cases, selective 

loading of miRNAs into EVs has been directly implicated in the pathological process of the disease 

(118). Furthermore, there is evidence that secreted EVs including miRNA cargo can be 

endocytosed by recipient cells (119). Once inside the recipient cells, EV miRNA has been shown to 

regulate cellular functions by altering gene expression. Another theory is that cells might secrete 

EVs to eliminate RNAs, including miRNAs and therefore mediate gene expression in the parent cell 

(120). Cells may use EV miRNA sorting mechanisms for both intercellular communication and 

disposal. Furthermore, given miRNAs are protected by EVs in biofluid, the identification of distinct 

signatures across diseases has been proposed for the identification of novel biomarkers. 
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Figure 1.5 The biogenesis of miRNAs  

Primary miRNA transcripts are transcribed by RNA polymerase II and processed by DGCR8/Drosha complex 

into precursor stem-loop miRNAs in the nucleus. Precursor miRNAs (pre-miRNAs) are exported into the 

cytoplasm by Exportin-5 and are cleaved by Dicer to produce mature miRNAs. Mature miRNAs recognize 

their respective target mRNAs and mediate post-transcriptional repression of their targets through 

translational repression or degradation. Created in BioRender.  

1.3.4 The immune regulatory role of microRNAs in response to influenza  

Over the last ten years there are a wide number of studies that report the expression of miRNA to 

be altered in response to IAV infection. Many studies support a key role of miRNAs in mediating 

viral replication by directly targeting IAV mRNAs and host immune responses to IAV such as 

increased IFN response or alteration of cell fate as summarised in Table 1.1. A few miRNAs have 

also been reported to facilitate virus replication. 
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miRNAs Model Expression/ 
variation 

Target genes or associated 
genes 

Function/mechanism Ref  

miR-323, miR-
491, miR-654 

Madin-Darby 
canine kidney 
(MDCK) cells 

NA PB1 subunit of viral RNA-
dependent RNA polymerase 

Negatively regulates IAV replication by 
targeting the PB1 gene 

(121) 

miR-3145 A549 NA PB1 subunit of viral RNA-
dependent RNA polymerase 

Negatively regulates IAV replication by 
targeting the PB1 gene 

(122) 

miR-584-5p, 
miR-1249 

A549 Up PB2 subunit of viral RNA-
dependent RNA polymerase 

Negatively regulates IAV replication by 
targeting the PB2 gene 

(123) 

miR-9 A549 Up Monocyte Chemotactic 
Protein-Induced Protein 1 
(MCPIP1) 

Promotes IAV replication by 
downregulating expression of MCPIP1 an 
inhibitor of viral M and NP genes 
expression 

(124) 

miR-146a A549 Up Interleukin-1 receptor-
associated kinase 1 (IRAK1) 
TNF Receptor Associated 
Factor 6 (TRAF6) 
NFκB  

Negatively regulates genes involved in the 
innate immune and inflammatory 
response by targeting TRAF6 and IRAK1, 
which are important components in 
TLR/IL-R mediated NF-κB activation 
pathways.   

(125) 

miR-144 Primary mouse 
lung epithelial 
cells 

Up TRAF6 Negatively regulates TRAF6 involved in 
the innate immune and inflammatory 
response  

(126) 

miR-7, miR-132, 
miR-187, miR-
200c, miR-1275 

A549,  
BEAS-2B, 
Primary 
differentiated 
human airway 
epithelial cells 

Up MAPK3, IRAK1 Negatively regulates genes involved in the 
innate immune and inflammatory 
response including IRAK1 and MAPK3  

(127) 

miR-302c A549 
 

Down Mitogen-Activated Protein 
Kinase Kinase Kinase 14 
(MAP3K14) 

Negatively regulates kinases resulting in 
reduced type I IFN expression to promote 
virus replication  

(128) 
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miR-29 A549, 
PBMCs 

Up DNA Methyltransferase 1 
(DNMT) 

Negatively regulates DNMT activity and 
thus induces expression of COX2 that 
enhances expression of antiviral protein 
IFN-λ1  

(129) 

miR-29c A549 Up A20 Negatively regulates NF-κB activation by 
enhancing deubiquitinating enzyme A20 
(also known as TNFAIP3) expression and 
therefore decreases expression of 
antiviral and proinflammatory cytokines 

(130) 

miR-29c A549 Up BCL2 Like 2 (BCL2L2) Negatively regulates BCL2L2 to promote 
cell death 

(131) 

miR-449b A549 Up Histone Deacetylase 1 
(HDAC1) 

Negatively regulates HDAC1 expression 
and therefore increases IFN expression 

(132) 

miR-21-3p A549 Down Histone Deacetylase 1 
(HDAC8) 

Promotes IAV replication by suppressing 
HDAC8 expression  

(133) 

miR-26a A549 Down Ubiquitin Specific Peptidase 
3 (USP3) 

Negatively regulates USP3, a negative 
regulator of type I IFN signalling 

(134) 

miR-34a A549 Down Bcl-2 Associated X-protein 
(Bax) 

Negatively regulates the expression of 
pro-apoptotic Bax 

(135) 

miR-4276 Primary human 
bronchial 
epithelial cells, 
A549 

Down Cytochrome C Oxidase 
Subunit 6C (COX6C) 

Downregulates the expression of COX6C 
to induce apoptotic protein caspase-9 

(136) 

miR-548 A549 Down NS1A Binding Protein 
(NS1ABP) 

Downregulates NS1ABP to promote 
apoptosis  

(137) 

miR-33a A549 Up Archain 1 (ARCN1) Negatively regulates ARCN1 expression 
and weakens viral ribonucleoprotein 
activity in an ARCN1-independent manner 
to inhibit influenza virus  

(138) 
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miR-302a A549, 
PBMCs, 
human throat 
swab 

Down IRF5 Negatively regulates IRF5 expression, 
resulting in increased expression of IAV 
RNA and NP and M1 viral proteins 

(139) 

miR-451 Murine myeloid 
(mDC, 
CD11c+PDCA1−) 
and 
plasmacytoid 
(pDC, PDCA1+) 
dendritic cells 
were 

Up Tyrosine 3-
Monooxygenase/Tryptophan 
5-Monooxygenase 
Activation Protein Zeta 
(YWHAZ) 

Negatively regulates YWHAZ which 
mediates signal transduction including 
decreases negative regulation of IL-6 and 
TNF expression by ZFP36 and FOXO3 

(140) 

miR-221 A549 Down SOCS1 Downregulates SOCS1 promoting 
activation of the NF-κB signaling pathway 
and the type-I IFN-mediated immune 
response  

(141) 

miR-30 A549, 
primary human 
alveolar 
epithelial cells  

Down SOCS1, SOCS3, NEDD4 Downregulates SOCS1 and SOCS3 
expression, and thus relieved their 
inhibiting effects on IFN/JAK/STAT 
signalling pathway. In addition inhibited 
the expression of NEDD4, a negative 
regulator of IFITM3, which is important 
for host defence against influenza viruses 

(142) 

miR-206 A549, 
primary human 
bronchial 
tracheal 
epithelial cells 

Down  Tankyrase 2 (TNKS2) Inhibited IAV infection through the 
activation of anti-viral innate immunity 
via type I IFNs 

(143) 

miR-193b A549 Down β‐catenin Downregulates β‐catenin inducing cell 
cycle arrest 

(144) 
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miR-1290 A549, primary 
human 
bronchial 
epithelial cells 

Up Vimentin Downregulates vimentin that is necessary 
for the release of vRNPs to the cytoplasm  

(145) 

miR-132-3p A549 Up IRF1 Suppresses type I IFN response through 
targeting IRF1 

(146) 

miR-93 MLE-12, A549 Down Janus kinase 1 (JAK1) Downregulates JAK1 reducing antiviral 
type I IFN immune response 

(147) 

let-7  A549, BEAS-2B Down Ribosomal protein 16 
(RPS16) 

Targets RPS16 gene and increases the 
expression of type I interferon and 
inhibits viral replication 

(148) 

Table 1.1 Summary of studies investigating the role of miRNAs in response to influenza 

Table includes name of miRNA, cell type used in study, whether the particular miRNA investigated was either up or down regulated in response to IAV and the suggested target and 

function of the miRNA. Table adapted from reference (149). 
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1.3.5 Role of miRNA in viral COPD exacerbations 

Several recent studies have investigated the role of miRNA as a molecular mechanism mediating 

immune dysregulation and more severe symptoms observed in COPD in response to IAV. Lung 

tissue from COPD patients shows a constitutive decreased expression of IFN-β, IRF-7 and RIG-I, 

suggesting that this deficiency contributes to increased susceptibility of the COPD epithelium to 

RNA virus infection (150). A recent study investigating IAV infection responses in PBECs revealed 

exaggerated inflammatory but deficient antiviral responses in PBECs from COPD patients. IAV 

infection increased the expression of miR-125a or -b, which directly reduced the expression of 

A20 (an important negative regulator of NF-κB–mediated inflammation) and MAVS. This caused 

exaggerated inflammation and impaired antiviral responses (151).  Similarly, the association 

between miR-125a/b and the expression of A20 deubiquitinase was observed in a mouse model 

of COPD. Furthermore another study using PBEC has shown hypersusceptibility of airways and 

inflammatory response via activation of TUG1/miR-145–5p/NF-κB axis (152). Long noncoding 

RNAs (lncRNA) TUG1 was shown to regulate cigarette smoke induced airway remodelling by 

suppressing miR-145-5p in COPD patients. In addition, they demonstrated an earlier activation of 

the NF-κB pathway in COPD PBEC after IAV infection, accompanied with increased lncRNA TUG1 

and decreased miR-145-5p. Knockdown of lncRNA TUG1 significantly attenuated airway 

inflammation by inhibiting the NF-κB pathway and its downstream proinflammatory cytokines IL-

1β and TNF-α. These results may partially explain the reason why COPD patients are more 

susceptible to IAV and have earlier and more severe symptoms than normal people. Thus, miRNA 

may be targeted therapeutically to inhibit excessive inflammatory responses and enhance 

antiviral immunity in IAV infections and in COPD. 

1.3.6 The role of extracellular vesicles in the immune response to respiratory infections 

There are a growing number of studies that report the isolation and characterisation of lung-

derived EVs from bronchoalveolar lavage fluid (BALF) (20). Airway epithelial cells and alveolar 

macrophages are thought to be the major producers of EVs in the lung. Using cell type-specific 

membrane tagging and single vesicle flow, Pua et al reported that 80% of murine lung-derived EVs 

were of epithelial origin (153). Given their ability to transfer cargo it is possible airway epithelial 

EVs may be an important mechanism in modulating the anti-viral immune response (47,154).  

Previous studies have reported that respiratory infections trigger an increased release of lung-

derived EVs from alveolar macrophages and epithelial cells (155,156). The exact mechanism for 

biogenesis of EVs in response to infection is not fully understood. However, there is accumulating 
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evidence to support the release of EVs in response to viral infections are induced by activation of 

TLRs. Mills et al. recently reported an increase in pro-inflammatory EVs following TLR3 stimulation 

of the BEAS-2B bronchial epithelial cell line with the viral mimetic poly (I:C) (157). Furthermore, 

TLR3-activated human brain microvascular endothelial cells to release EVs that contain multiple 

antiviral factors as a defence mechanism against HIV-1 infection (158).  

EVs may act as part of the first line of defence binding to viral particles in the lung mucosa and 

blocking its attachment to the lung epithelium. Studies have demonstrated EVs released from 

human ciliated epithelial cells bear α-2,6-linked sialic acid on their surface that bind and 

neutralises human influenza virus particles (159). This neutralising effect was lost when the sialic 

acid was removed from the vesicles. The effect of EVs to act as viral decoys has been 

demonstrated for other viruses. For example, ACE2-EVs were reported to block SARS-CoV-2 Spike-

dependent infection in a much more efficient manner than soluble ACE2 (160). 

In addition, there is evidence that EVs released in response to respiratory viruses have molecular 

content that can contribute to the antiviral immune response in recipient cells. A recent study 

reported significant differences in small RNA EV cargo released by the human alveolar epithelial 

A549 cell line when infected with respiratory syncytial virus (RSV) (161). These EVs were shown to 

activate the innate immune response through increasing the release of cytokines and chemokines 

including CXCL10, CCL5 and TNF in other A549 cells and human monocytes (161). In addition, EVs 

released from influenza infected macrophages have been shown to directly transfer cytokines, 

including IL-6, IL-18, and TNF (111).  

EVs have also been shown to upregulate type I IFNs, a key mediator of anti-viral responses. Liu et 

al demonstrated that EVs produced by influenza infected A549 cells induced IFN production to 

inhibit viral replication through upregulation of miR-1975 (162). Similarly, BALF EVs from a murine 

model of highly pathogenic avian influenza have also been reported to have an increased level of 

miR-483-3p and to potentiate IFN immune response (163). Another study reported EVs derived 

from the bronchoalveolar lavage of patients infected with the influenza virus have increased 

levels of miR-483-3p, mir-374-5p, and miR-446i-5p. These EVs promoted the expression of IFN-β, 

proinflammatory cytokines, and interferon-stimulated genes, including IL-6, TNF-α, CCL2, and 

SP100 (164).  

In addition, EVs play key roles in both direct and indirect antigen presentation. It has been 

demonstrated EVs transfer hemagglutinin epitopes in complex with MHCII molecules, increasing 

the efficiency of antigenic determinant presentation to immune cells (165). Furthermore, some 

studies have demonstrated host cell EVs released following infection contain PAMPs that can 
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stimulate a proinflammatory response in macrophages through TLR and enhance T cell activation 

(166,167).  

1.3.7 Pro-viral role of extracellular vesicles  

On the other hand, pathogens may use EVs to promote immune suppression facilitating the 

establishment of persistent infections. A549 cells infected with IAV were reported to increase 

levels of miR-17-5p in EVs and promote enhanced IAV replication through downregulation of the 

antiviral factor Mx1 (168). It was also recently suggested that EVs may provide shelter for host 

and viral proteins and genome, facilitating viral escape from immune surveillance, and favour viral 

entry into the recipient cells (169). In recent years, an accumulating body of data has emerged 

suggesting that some viruses can also manipulate the vesicular trafficking machinery for their 

assembly and transmission.  Several negative strand RNA viruses, such as IAV, hantavirus, and 

RSV, have all been reported to utilize the Rab pathway for their transport to the plasma 

membrane for exit (170). High-throughput analysis has discovered that IAV integrates with EV 

proteins or markers such as annexin A3, CD9, CD81, and ICAM1, which may protect IAV and 

promote viral spreading (171).  

Overall based on current studies EVs may play a role in both activating host immune response 

against respiratory pathogens or facilitating infection (Figure 1.6). In addition, many experiments 

investigating airway epithelial EVs are based on simple in vitro cell culture systems that utilise 

undifferentiated, nonpolarized respiratory epithelial cells. Further studies using better in vitro 

models are required to fully elucidate the mechanisms in which lung epithelial EV cargo including 

miRNA modulate the immune response of recipient cells to IAV.  
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Figure 1.6 Schematic diagram of epithelial EV release in response to influenza 

Epithelial cells infected with influenza release EVs that contain sialic acid neutralising the virion, antigens to 

prime immune cells or host miRNA that can act to alter expression of immune genes in recipient cell. Created 

in BioRender. 

1.3.8 The role of extracellular vesicle miRNA in COPD 

Alteration of EVs in COPD has been widely investigated in terms of response to cigarette smoke or 

particulate matter. EVs released in response to cigarette smoke or particulate matter upregulate 

inflammatory pathways that result in increased immune cell recruitment and release of pro-

inflammatory mediators. For example, cigarette smoke extract-stimulated BEAS-2B cells release 

EVs that promote adhesion of monocytes to endothelial cells (172).  Furthermore, EVs released 

from BEAS-2B cells under oxidative stress were shown to activate macrophages and promote 

expression of TNF, IL-1β, and IL-6 through increased EV levels of miR-320a and miR-221 (173). EVs 

released in response to cigarette smoke have also been shown to promote cytokine release in 

epithelial cells. Heliot et al. reported EVs isolated from the BAL of smokers increased the secretion 

of IL-6 by the BEAS-2B cells (174). 

Damage caused to the lung by exposure to cigarette smoke results in airway remodelling. EVs 

have been reported to play a role in airway remodelling by mediating fibrosis through epithelial-

mesenchymal transition and myofibroblast differentiation. Cigarette smoke extract was shown to 

increase miR-210 in human bronchial epithelial cell EVs, leading to suppression of autophagy and 

promotion of myofibroblast differentiation (112). He et al. reported that EVs from cigarette 
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smoke extract-treated BEAS-2B cells had reduced miR-21 which indirectly modulated epithelial-

mesenchymal transition by alleviating the polarization of M2 macrophages (175).  

Our group have recently found 23 miRNAs differentially expressed between lung derived EVs of 

COPD and healthy ex-smokers (176). Network-based analysis identified miRNA targeted genes as 

central to pro-inflammatory pathways (176). One of the top differentially expressed miRNA was 

miR-223 which has been widely reported in modulating inflammation. Neudecker et al. reported 

transfer of miR-223 from neutrophils to alveolar epithelial cells via EVs attenuates lung 

inflammation (177). On the other hand, Ismail et al. reported macrophage EVs with increased 

levels of miR-223 induce macrophage differentiation promoting inflammation (178). This 

functional variation may be due to different cell types. Another more recent study suggested 

removal of miR-223 from alveolar macrophages via EVs releases suppression of the NLRP3 

inflammasome thereby promoting activation (120). In support of this selective export of miR-223 

and some tRNA in EVs were also shown to promote T cell activation (179). These studies suggest 

EVs may have a dual function in selectively removing suppressive molecules to promote immune 

cell activation as well as intercellular communication, though this requires further investigation. 

1.3.9 The role of extracellular vesicles in vaccine and therapeutics  

Common anti-inflammatory treatments are often non-specific such as steroids and therefore can 

worsen the long-term outcome of influenza infection via general immune suppression. Identifying 

specific EV miRNA that could be used to target specific pathways responsible for damaging 

immunopathology observed in acute influenza may be useful novel therapeutics. Compared to 

artificial drug delivery systems (e.g., liposomes, polymers), EVs could minimise immunogenicity, 

prolonging the in vivo circulation time and decreasing the distribution to the liver and spleen. 

Tsukamoto et al. reported circulatory EVs enriched in miR-192 as an anti-inflammatory factor able 

to target the lung to reduce chronic inflammation upon stimulation with inactivated influenza 

whole virus particles (180). Additionally, miR-192 in EVs improved the efficacy of vaccination in 

aged mice (180). These investigators therefore suggested a therapeutic potential for miR-192 EVs 

wherein they could be used to reduce adverse reactions and improve vaccine efficacy in the 

elderly (180). Furthermore, the potential of IFN treatment in the prevention of virally induced 

exacerbations in COPD is currently being investigated (181,182). Given EVs have been shown to 

modulate IFN response they may therefore also have useful anti-viral therapeutic applications. 

However, the use of miRNA in therapeutics requires a full understanding of target genes given 

that miRNA commonly have multiple targets and therefore could lead to damaging off target 

effects. 
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1.4 Aims and Objectives  

Hypothesis 

This project investigates the hypothesis that the microRNA cargo of extracellular vesicles released 

from bronchial epithelial cells is altered following infection with influenza A virus promoting the anti-

viral immune response. 

This will be tested by the following aims: 

1) Establish air-liquid interface bronchial epithelial cell model for IAV infection and isolation of 

EVs  

2) Compare EV miRNA released from IAV infected bronchial epithelial to non-infected control 

3) Compare EV miRNA of healthy and COPD primary epithelial cells in response to influenza A 

virus 

4) Identify the biologically significant targets of these differentially expressed miRNA and 

validate these in-vitro 
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2 Methods  

2.1 Epithelial Cell Culture 

2.1.1 Epithelial Cell Submerged Culture 

Immortalized human bronchial epithelial cells (BCi-NS1.1), kindly provided by Prof Ronald Crystal 

from Cornell Institute New York, were defrosted after storage at -80°C and maintained in 

Pneumacult-Ex Complete Medium (Table 2.1) (Stemcell Technologies, Cambridge, UK). BCi cells were 

cultured in a T75 flask coated with 1:10 dilution of PureCol® Type I Bovine Collagen (Advanced 

BioMatrix, California, USA) at 37°C and 5% CO2. Cells were expanded until 70% confluence and 

passaged with trypsin-EDTA solution 1X (Sigma-Aldrich, Poole, UK). The cells were pelleted by 

centrifugation at 400 g for 5 minutes and seeded in a collagen coated T75 flask. Cells were used 

passages 20-25.  

2.1.2 Epithelial Cell Air-Liquid Interface Cultures 

Air-liquid interface (ALI) BCi cell cultures were generated by seeding submerged cultured BCi cells at 

100,000 cells/insert for 24 well plates or 300,000 cells/insert for 12 well plates on collagen coated 

Transwell permeable polyester membrane inserts (Corning Costar, High Wycombe, UK) with a 0.4 

μm pore size. Pneumacult-Ex Plus Complete Medium (Table 2.1) was added to both the apical and 

basal compartments. After 5 days the media was replaced in apical and basal compartments with 

Pneumacult™-ALI Medium (Stemcell Technologies) prepared the manufacturer’s instructions (Table 

2.1).  After a further 2 days the media was removed from the apical chamber.  The Pneumacult™-ALI 

Medium was replaced in the basal compartment every 2-3 days. ALI cultures were maintained for 

around 28 days until a pseudostratified epithelium was observed. Differentiation was confirmed by 

the observation of a homogeneous layer of cells and presence of cilia using a Leica DM-IL microscope 

(Leica, Milton Keynes, UK) with phase-contrast and a transepithelial electrical resistance (TEER) 

greater than 500 Ω cm2 measured using a Millicell ERS-2 Voltohmmeter (Merk Millipore, Watford, 

UK).  

 

 



2 

29 

 

 

Table 2.1 Composition of cell culture media 

2.1.3 Primary Bronchial Epithelial Cells 

2.1.3.1 Ethics 

All subjects gave written informed consent for the study Microbiology and Immunology of the 

Chronically-Inflamed Airway (MICA) III (ID: 15/5C/0528). 

Reagent  Components  

Pneumacult-Ex Complete Medium  

PneumaCult-Ex Basal Medium (Stemcell Technologies) 
Pneumacult-Ex Supplement 1X (Stemcell Technologies) 
Hydrocortisone 1X (Stemcell Technologies) 
0.125 μg/ml amphotericin B (Sigma-Aldrich) 
25 μg/ml gentamicin (Gibco, Paisley, UK) 

Pneumacult-Ex Plus Complete 

Medium  

PneumaCult-Ex Basal Medium (Stemcell Technologies) 
Pneumacult-Ex Plus Supplement 1X (Stemcell Technologies) 
Hydrocortisone 1X (Stemcell Technologies) 
0.125 μg/ml amphotericin B (Sigma-Aldrich) 
25 μg/ml gentamicin (Gibco) 

Pneumacult-ALI Complete Medium 

PneumaCult-ALI Basal Medium (Stemcell Technologies) 
Pneumacult-ALI Supplement 1X (Stemcell Technologies) 
Pneumacult-ALI Maintenance Supplement 1X (Stemcell 
Technologies) 
Hydrocortisone 1X (Stemcell Technologies) 
Heparin Solution (Stemcell Technologies) 
100 U/ml penicillin (Sigma-Aldrich) 
100 μg/ml streptomycin (Sigma-Aldrich) 

Pneumacult-ALI Infection Medium 

 

45 ml PneumaCult-ALI basal media 
5 ml PneumaCult-ALI supplement 
100 U/ml penicillin (Sigma-Aldrich) 
100 μg/ml streptomycin (Sigma-Aldrich) 
0.02 % Bovine Serum Albumin (BSA) (Sigma-Aldrich) 

Pneumacult-Ex Infection Medium 

 

45 ml PneumaCult-Ex Basal Medium 
100 U/ml penicillin (Sigma-Aldrich) 
0.02 % Bovine Serum Albumin (BSA) (Sigma-Aldrich) 
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2.1.3.2 MICA III study design 

Inclusion and exclusion criteria for the MICA III study (Table 2.2). 

Inclusion Criteria Exclusion Criteria  

Written informed consent obtained from the 

participant  

A confirmed diagnosis of asthma or other 

respiratory diseases.  

Patients with COPD and healthy ex-smokers 

with a history of ≥10 pack-years of cigarette 

smoking  

History of lung surgery.  

Male or female aged 40–85 years  AAT deficiency as underlying cause of COPD.  

COPD subjects must have a confirmed 

diagnosis of mild/moderate COPD based on 

post bronchodilator spirometry with FEV1 

>50% of predicted normal and FEV1/FVC 

<0.7.  

Immunocompromised patients. 

Healthy subjects must have an FEV1/FVC 

>0.7.  

Moderate or severe COPD exacerbation not 

resolved at least 1 month prior to enrolment and 

less than 30 days following the last dose of oral 

corticosteroids and/or antibiotics.  

Subjects must be fit to undergo 

bronchoscopy  

Use of any antibacterial, antiviral or respiratory 

investigational drug or vaccine within 30 days of the 

enrolment visit  

 Presence of other conditions that the principal 

investigator judges may interfere with the study 

findings.  

Table 2.2 Inclusion and exclusion criteria for the MICA II study 
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2.1.3.3 Bronchial Brushes  

PBECs were isolated from bronchial brushes collected as part of the MICA III study and grown in 

culture using PneumaCult™-Ex Plus Medium, (STEMCELL Technologies, Cambridge, UK) in T75 flasks 

coated with collagen (PureCol, Nutacon, the Netherlands) (Table 2.3). When cells were confluent, 

they were trypsinised with trypsin EDTA solution and transferred to ALI culture as per section 2.1.2.  

 

Patient Healthy/COPD Lobe 

304 COPD RUL 

305 Healthy RUL 

320 COPD RUL/RLL 

326 Healthy RUL/RLL 

331 Healthy RUL/RLL 

340 COPD RUL 

Table 2.3 Bronchial brushes phenotype 

Right upper lobe (RUL), right lower lobe (RLL). 

2.2 Extracellular vesicle isolation 

EVs were recovered from ALI BCi apical secretions by two sequential washes completed as follows. 

HBSS (Sigma-Aldrich) was added to the apical compartment, incubated for 30 minutes at 37°C and 

5% CO2 and then collected. Samples were then centrifuged at 300 g for 10 minutes. The supernatant 

was then collected and centrifuged at 1200 g for 20 minutes. The supernatant was then filtered 

through a 0.22 µm PES sterilised filter (Merck Millipore), to remove any larger particles. The sample 

was then loaded onto an equilibrated Amicon® Ultra-15 (10,000 Molecular weight cut-off) spin filter 

(Merck Millipore) and centrifuged at 3200 g, 4°C for 15 minutes to further purify and concentrate 

the sample. The filter device was washed with DPBS (Sigma-Aldrich) and centrifuged at 3200 g, 4°C 

for at least a further 15 minutes or until the sample was concentrated. 
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Separation of EVs based on size was completed using PURE-EVs™ size exclusion columns 

(HansaBioMed Life Sciences®, Tallinn, Estonia). Prior to use, columns were washed with 30 ml of 

DPBS to eliminate any preservative buffer residues. Up to 2 ml of the concentrated sample was then 

added to the column. In total, 24 fractions each of 500 µL in volume were collected. The initial 

fractions contain the void volume in which buffer within the column prior to sample application is 

eluted. EVs are the first particles to be eluted at around fractions 6-11 as has previously been 

confirmed by the manufacturer.   Based on the manufacturer’s instructions and previous work 

completed by Burke et al, EVs have been demonstrated to be eluted in fractions 6-11 (elution 

volume 2.5-5.5 ml) (176). Fractions were then combined to form 4 groups as follows; fractions 1-5 

termed SEC#1, fractions 6-11 termed SEC#2, fractions 12-17 termed SEC#3 and fractions 18-24 

termed SEC#4 (176). These grouped fractions were concentrated using an equilibrated Amicon® 

Ultra-4 (10,000 Molecular weight cut-off) spin filter, centrifuged at 3200 g, 4°C for at least 30 

minutes. The sample was then recovered from the filter device and stored frozen at -80°C for 

analyses. 

2.3 Measurement of protein concentration  

Protein concentration was determined by the Pierce BCA Protein Assay kit (Thermo Fisher 

Scientific®, Basingstoke, UK) according to the manufacturer’s instructions. The absorbance was 

measured at 550 nm using a ThermoMax Microplate Reader (Molecular Devices, Berkshire, UK). The 

average 550 nm absorbance measurement of the Blank standard replicates was subtracted from the 

550 nm measurement of all the other standards and unknown sample replicates. A standard curve 

was plotted using the Blank-corrected 550 nm measurement for each BSA standard versus the 

concentration (µg/ml). This was then used to determine the concentration of each unknown sample. 

2.4 RNA isolation  

Briefly, 1000 μl of QIAzol Lysis Reagent (Qiagen®) was added directly to cells or concentrated 200 μl 

SEC elution sample. The samples were then stored at -80°C.  

2.4.1 miRNeasy Micro Kit 

RNA was isolated from cells and SEC elution samples using miRNeasy Micro kit (Qiagen®) according 

to the manufacturer's instructions. Once accumulated the samples were then defrosted on ice and 

200 μl of chloroform (Sigma) was added. The samples were shaken vigorously for 15 seconds and 
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incubated at room temperature for 5 minutes. Samples were then centrifuged for 15 minutes at 12, 

000 g at 4°C. The upper aqueous phase was combined with 1.5 volumes of 100% ethanol then added 

in a RNeasy MinElute spin column in a 2 ml collection tube. The samples were then centrifuged in 

RNeasy MinElute spin column at 8000 g for 15 seconds at room temperature. For SEC elution 

samples DNase digestion was completed according to Appendix B of miRNeasy Micro kit protocol for 

samples containing <1µg total RNA. The sample was then rinsed with 700 μl of Buffer RWT then 500 

μl Buffer RPE by centrifugation at 8000 g for 15 seconds. Then 500 μl of 80% ethanol was added to 

the RNeasy MinElute spin column and centrifuged for 2 minutes at 8000 x g. The spin column was 

then centrifuged at 12 000 g for 5 min to dry the membrane and 14 μl of RNase-free water was 

added and centrifuged at 12 000 g to elute RNA.  

2.4.2 Isopropanol precipitation 

RNA was isolated from transfected samples through isopropanol precipitation. The samples were 

vortexed and left at room temperature for 8 minutes before centrifugation at 12,000 g, 4°C for 10 

min. RNA was precipitated in 0.5 ml isopropanol (Sigma) and 4 μl Glyco Blue (Applied Biosystems, 

Paisley, UK), followed by two 75% ethanol (Sigma) washes. Excess ethanol was removed by air-

drying and the subsequent pellet was resuspended in RNase free water (sigma). 

2.4.3 Nanodrop 

Concentrations of RNA were determined by NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific®). The Nanodrop calculates RNA concentration from 1.5 μl of sample using the Beer-

Lambert law, which predicts a linear change in absorbance with concentration. The A260/A280 ratio 

is used to assess RNA purity. 

2.5 cDNA synthesis 

Synthesis of cDNA was carried out using Taqman Advanced miRNA cDNA synthesis kit (Applied 

Biosystems) using following manufacturer’s instructions summarised in Table 2.4. 

2.6 Real-time quantitative PCR 

The cDNA was then diluted 1:10 with RNase free water (Sigma-Aldrich). The real-time quantitative 

polymerase chain reaction (RT-qPCR) was performed using a PCR reaction mix containing 2.5 µl 
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TaqMan Universal Master Mix II no UNG (Applied Biosystems), 1.25 µl RNase-free water and 0.25 µl 

TaqMan Advanced miRNA Assays (Applied Biosystems) (Table 2.5). 1 μl of diluted cDNA was 

combined with 4 μl of a PCR reaction mix and the RT-qPCR was performed using a 7900HT Fast Real-

Time PCR System (Thermofisher). The reaction mix was incubated at 95°C for 10 minutes to activate 

enzyme and then completed 40 cycles of denaturing at 95°C for 15 seconds and annealing/ 

extending at 60°C for 1 minute.  
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Table 2.4 Summary of TaqMan Advanced cDNA synthesis protocol (Applied Biosystems, Germany) 

Listed are the reaction mix and thermal cycles for each of the four stages of TaqMan Advanced cDNA synthesis (Applied Biosystems) including Poly(A) tailing reaction, Adaptor 

ligation reaction, Reverse transcription reaction and miR-AMP reaction.  
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Table 2.5 TaqMan Assay IDs (Applied Biosystems) 

2.7 Apolipoprotein E ELISA 

The presence of contaminating lipoproteins was determined using a Human Apolipoprotein E 

(ApoE) Enzyme-Linked Immunosorbent Assay (ELISA) (ab108813) (abcam, Cambridge, UK) as per 

the manufacturer’s instructions. Briefly, standards or test samples were added to the wells of an 

anti-ApoE antibody 96-well plate. Subsequently, an ApoE specific biotinylated detection antibody 

was added and washed with the provided wash buffer. Streptavidin-Peroxidase Complex was then 

added and 3,3′,5,5′-Tetramethylbenzidine was used to generate a reaction with the colorimetric 

signal quantified by ThermoMax Microplate Reader. 

2.8 RIPA lysis  

Particles from SEC eluted samples were lysed by adding 10X RIPA (abcam) to a final concentration 

of 1X. Samples were vortexed and incubated on ice for 30 minutes. 

Cells were lysed following removal of the culture media and a wash with DPBS. Lysis was 

completed by adding 1 ml of 1X RIPA (ThermoFisher Scientific) combined with Halt Protease 

inhibitor (ThermoFisher Scientific) to the apical face. Cells were then incubated on ice for 15 

minutes and then collected into a 1.5 ml microcentrifuge tube. Samples were then stored at -80°C 

Assay Name Assay ID 
hsa-miR-16-5p 477860_mir 
hsa-miR-24-3p 477992_mir 
hsa-miR-138-5p 477905_mir 
hsa-miR-182-5p 477935_mir 
hsa-miR-26b-5p 478418_mir 
hsa-miR-155-5p 483064_mir 
hsa-miR-122-5p 477855_mir 
hsa-miR-146a-5p 478399_mir 
hsa-miR-378a-3p 478349_mir 
hsa-miR-7-5p 483061_mir 
B2M Hs00984230_m1 
ACTB Hs99999903_m1 
FLUWINSCONSIN15 1655416 A7 
CXCL10 Hs00171042_m1 
IL6 Hs00174131_m1 
SOCS1 Hs00705164_s1 
IFNB Hs01077958_s1 
ISG15 Hs01921425_s1 
SOD2 Hs00167309_m1 



2 

37 

 

2.9 SDS-PAGE 

Reduced sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was completed 

using NuPAGE® 12 % Bis-Tris Protein Gels (Invitrogen, Paisley, UK) according to manufacturer’s 

instructions. Analyses of CD9, STCH and calnexin was completed under reducing conditions with 

NuPAGE® LDS Sample Buffer (Invitrogen) and NuPAGE® Reducing Agent (Invitrogen) added to 

samples. Analyses of CD63 was completed under non-reducing conditions with NuPAGE® LDS 

Sample Buffer added to the samples. The samples were incubated at 70°C for 10 minutes. The 

sample was then centrifuged for 10 minutes at 12 000 g and loaded onto the protein gel alongside 

5 µl of PageRuler Prestained Protein Ladder (ThermoFisher Scientific). Electrophoresis was 

completed at 200 V (110mA) for 50 minutes.  

2.10 Western Blotting 

Proteins were transferred to a Polyvinylidene difluoride (PVDF) membrane using an iBlot Dry 

Blotting System with an iBlot Transfer Stack (PVDF) (Invitrogen), according to manufacturer’s 

instructions. Membranes were blocked in Tris-buffered saline (TBS) with 0.1% Tween-20 (wash 

buffer) containing 5% (w/v) skimmed milk for 1 hour rocking at room temperature. Primary 

antibodies CD9 (ab92726, abcam), CD63 (ab59479, abcam), STCH (ab127750, abcam) and calnexin 

(C5C9, cell signalling) diluted 1:1000 were applied seperately to the membrane and incubated 

overnight. Membranes were then washed three times with wash buffer before being incubated 

with relevant secondary antibody either horse radish peroxidase-conjugated goat α-mouse IgG 

antibody (ab205719) or horse radish peroxidase-conjugated goat α-rabbit IgG antibody 

(ab205718) diluted 1:2000. The membranes were then washed three times with wash buffer. To 

visualise the protein, SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo 

Scientific) was used with reagents mixed 1:1 ratio and then applied to the surface of the 

membrane. A ChemiDoc MP Imaging System (BioRad, Hertfordshire, UK) with was then used to 

detect the luminescent signal visualised using ImageLab software. 

2.11 Transmission electron microscopy  

Transmission electron microscopy (TEM) was completed as previously reported (183). Briefly, 5 μL 

of EVs in 1X PBS was layered onto individual formvar-carbon coated 200 mesh copper grids (Agar 

Scientific Ltd, Stansted, UK). After 1 minute the grid was blotted to remove excess liquid. The 

samples were then contrasted in a solution of 5% ammonium molybdate (w/v) plus 1% trehalos. 

TEM micrographs were obtained with the FEI Tecnai T12 instrument at Biomedical Imaging Unit, 



2 

38 

 

University Hospital Southampton with an 11-megapixel side mounted camera (Morada® G2, 

EMSIS Ltd, Muenster, Germany).  

2.12 ExoView 

Single particle interferometric imaging measurement was performed by NanoView Biosciences 

using the ExoView R100 platform. CD9, CD63 and CD81-positive EVs were immunocaptured on a 

tetraspanin microarray chip and imaged as single particles. Particle size was analyzed using single 

particle interferometric reflectance imaging sensing (SP-IRIS) using the ExoView Human 

Tetraspanin Kit (NanoView Biosciences, Malvern, UK). Co-expression of tetraspanin proteins were 

then assessed by labelling the captured EVs with a cocktail of fluorescence antibodies conjugated 

to CD81-Alexa555, CD63-Alexa647 and CD9-Alexa488. The chips were then imaged with the 

ExoView R100 reader with sizing thresholds set to 50-200nm diameter. A 150-μm-diameter area 

of each capture spot was selected for analysis using an automated circle finding algorithm. The 

particles within this area were counted, producing a particle value that represents normalization 

of particle count to spot area. Each chip has the antibody capture spots in triplicate.  

2.13 Cytotoxicity 

Cell death was analysed by the release of Lactate Dehydrogenase (LDH) into supernatants using 

the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, Southampton, UK) following the 

manufacturer’s instructions. Briefly, 50 μl of the CytoTox 96® Reagent was to 50 μl of cell 

supernatant or cell lysate then incubated in the dark for 30 minutes at room temperature. 

Following this 50 μl of Stop Solution to each well and the absorbance was measured at 490 nm 

using a ThermoMax Microplate Reader (Molecular Devices). The following formula was used to 

compute percent cytotoxicity:  

Percent cytotoxicity = 100 × Experimental LDH Release (OD490) / Maximum LDH Release (OD490) 

2.14 Influenza A virus infection 

2.14.1 ALI Culture 

Differentiated ALI culture BCi cells were washed with Hanks’ Balanced Salt solution (HBSS) (Sigma-

Aldrich) and ALI infection medium (Table 2.1) was added to basal lateral side. Influenza 

A/Wisconsin/67/2005 (Virapur, San Diego, CA) at a TCID50 (Tissue Culture Infectious Dose 

required to kill 50% of cells) of 3.6 x 108 IU/ml (infectious units/ml) was diluted 1/100 or 1/1000 in 
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HBSS and applied apically at a TCID50 of 3.6 x 106 IU/ml (multiplicity of infection (MOI) 0.3) or 3.6 

x 105 IU/ml (MOI 0.03) respectively. An uninfected control with HBSS added apically was also 

completed. Cells were then incubated at 37°C and 5% CO2 for 2 hours. After this the apical side 

was washed twice with HBSS. The cells were returned to incubate at 37°C and 5% CO2 for a further 

22 hours or 46 hours with TEER recorded and compared between the 0 hour, 24 hour and 48 hour 

time points. Infected cells were collected at either 24 or 48 hours for qPCR analyses in 1 ml of 

QIAzol (Qiagen, Manchester, United Kingdom) and stored at -80°C. Apical wash was collected at 

24 and 48 hours for analysis. 

2.14.2 Submerged Culture 

Submerged cultured BCi cells were washed with Hanks’ Balanced Salt solution (HBSS) (Sigma-

Aldrich) and Pneumacult-Ex infection medium (Table 2.1) was added. Influenza 

A/Wisconsin/67/2005 (Virapur, San Diego, CA) at a TCID50 of 3.6 x 108 IU/ml (infectious units/ml) 

was diluted and applied at a TCID50 of 3.6 x 106 IU/ml (multiplicity of infection (MOI) 0.3). An 

uninfected control was also completed. Cells were then incubated at 37°C and 5% CO2 for 2 hours. 

After this the cells were washed twice with HBSS. The cells were returned to incubate at 37°C and 

5% CO2 for a further 22 hours. Infected cells were collected at either 24 for qPCR analyses in 1 ml 

of QIAzol (Qiagen, Manchester, United Kingdom) and stored at -80°C. Media was collected at 24 

hours for analysis. 

2.15 miRNA Sequencing 

2.15.1 RNA isolation  

RNA isolated for miRNA sequencing was completed by Qiagen using the miRNeasy Mini Kit 

(Qiagen) according to manufacturer's instructions. Briefly, EVs (suspended in 150 μl of 1X DPBS) 

were lysed using QIAzol Lysis Reagent (Qiagen). To assess the quality of RNA isolation across 

samples, QIAseq miRNA Library Quality control (QC) Spike-Ins (Qiagen) were added to each of the 

lysed EV samples. RNA was extracted, using phenol/chloroform-based phase separation and silica 

membrane–based purification, with an elution volume of 14 μl.  

2.15.2 Library preparation and miRNA sequencing  

The library preparation was performed by Qiagen using the QIAseq miRNA Library Kit (Qiagen) as 

per the manufacturer's instructions (Figure 2.1) A total of 5 μl total RNA was converted into 
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miRNA Next Generation Sequencing libraries. Briefly, library preparation included adapter 

ligation, reverse transcription with the introduction of Unique Molecular Index's (UMIs), library 

amplification using PCR (22 cycles), addition of sample indices and sample purification.  Library 

preparation was quality controlled using capillary electrophoresis (Agilent DNA 1000 Chip).   

 

Figure 2.1 Schematic of miRNA QIAseq miRNA library preparation 

Specially designed 3' and 5' adapters are ligated to mature miRNAs. The ligated miRNAs are then reverse 

transcribed to cDNA with assignment of Unique Molecular Index's (UMI). Library amplification occurs with 

indexing. Following a final library cleanup using magnetic bead-based method, the miRNA library is then 

ready for quality control (QC) and subsequent sequencing. 

The libraries were then pooled in equimolar ratios, based on quality and concentration 

measurements, and then sequenced by Qiagen on a NextSeq (Illumina Inc.) sequencing 

instrument according to the manufacturer instructions. The following sequencing parameters 

were used:  

• Read type - Single-end read   

• Number of sequencing cycles (read length) - 75 nucleotides   

• Average number of reads - 12 million reads/sample  

The NextSeq500 sequencing system generates raw data files in binary base call (BCL) format. 

Qiagen® used bcl2fastq conversion software v2.20 (Illumina Inc) to demultiplex data and convert 

BCL files to standard FASTQ file format that stores both raw sequence data and quality scores.  

The sequencing resulted in 20 million reads per sample on average (Figure 2.2). 
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Figure 2.2 Sequencing resulted in 20 million reads per sample on average 

Samples are EVs isolated from uninfected ALI BCi (UN) and EVs isolated from IAV infected ALI BCi (IAV). The 

dotted horizontal line indicates the mean number of reads.  

2.15.3 Quality control of sequenced data  

FASTQ files were analysed by Qiagen using FastQC, a quality control tool for high throughput 

sequencing data.  The quality of a given base call is measured as a Phred quality score and 

indicates the probability of the base being called correctly. Figure 2.3 displays the distribution of 

median Phred quality scores over all reads at each read position for each sample. The Phred 

scores are categorised into poor (red, 0 to <20), medium (yellow, 20 to <28) and good (green, 28 

and higher). The sequencing data is of excellent sequencing quality as can be seen by a high 

PHRED score over the whole read length for all samples.  
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Figure 2.3 Sequencing data is of excellent quality  

Samples are EVs isolated from uninfected ALI BCi (UN) and EVs isolated from IAV infected ALI BCi (IAV). The 

boxplots represent the 5th, 25th, 75th and 95th percentile and the median. The coloured bar classifies the 

Phred scores into three quality categories: poor (red, 0 to <20), medium (yellow, 20 to <28) and good (green, 

28 and higher).  
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2.15.4 Read processing 

Read processing was carried out by Qiagen using CLC Genomics Server 21.0.4. In summary, the 

reads were processed by trimming the common sequence, UMI and adapters. In addition, reads 

with length < 15 nt or > 55 nt were filtered out and deduplicated using the UMI. Reads were 

grouped into UMI groups when they start at the same position based on the end of the read to 

which the UMI is ligated, are from the same strand or have identical UMIs. Groups that contain 

only one read (singletons) are merged into non-singleton groups if the singleton’s UMI can be 

converted to a UMI of a non-singleton group by introducing a single nucleotide polymorphism. 

The distribution of the processed reads is displayed in Figure 2.4. Trimmed read length 

distributions depict that all samples have a peak at the expected miRNA read length of around 21 

nucleotides. 

 

Figure 2.4  All samples have a peak at the expected miRNA read length  

Reads were processed by trimming of the common sequence, UMI and adapters, and keeping reads with 

lengths of 15 to 55 nt. 

2.16 Read Mapping   

Qiagen mapped the reads to human miRBase version 22 using the workflow “QIAseq miRNA 

Quantification” of CLC Genomics Server with standard parameters. Reads were also mapped by 

Qiagen to the human piwi RNA (piRNA) database hsa.v1.7.6. All reads that didn’t map to miRBase 

or piRNA database were mapped by Qiagen to the human genome GRCh38 with ENSEMBL 
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GRCh38 version 97 annotation. This was carried out using the “RNA-Seq Analysis” workflow of CLC 

Genomics Server with standard parameters.  

2.17 Spike in analyses 

QIAseq miRNA Library QC Spike-Ins were used to track technical variation in the samples. 

Spearman correlation analysis of the RNA-spike-in was performed across the samples. The 

following correlation matrix demonstrates excellent correlation of counts corresponding to the 

spike-in between the samples which indicates a minimal proportion of variation from technical 

sources (Figure 2.5). 

 

 

 

 

 

 

 

 

  

Figure 2.5 High correlation of spike-in counts  

miRBase counts were normalised as counts per million. Spearman correlation was used as distance metric 

for hierarchical clustering with complete-linkage as the agglomeration method for correlation matrix. 

Samples are EVs isolated from uninfected ALI BCi (UI) and EVs isolated from IAV infected ALI BCi (I). 

2.18 Data Filtering  

Unsupervised filtering, data analysis and differential expression analysis was performed by me in 

RStudio®, using R (v 4.1.1). The code can be found in the Appendix. The methods were adapted 

from the Bioconductor package, “Empirical analysis of digital gene expression in R” (edgeR). 

UI1 UI2 UI3 UI4 UI5 I1 I2 I3 I4 I5 
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Lowly-expressed miRNA were filtered out given that they are likely to below minimal level to have 

biological effect or may interfere with downstream analysis (Figure 2.6).  A conservative value of 

10 counts in a minimum of 5 samples was chosen as a cut-off margin for filtering to ensure 

maximum differential expressed miRNA were captured.  

Violin plots were used to visualise the distribution of the data before and after unsupervised 

filtering of low counts. Data is presented as counts per million (CPM). The distribution was 

consistent between samples and no outliers were detected.  

A 
miRBase raw CPM  

Counts: 2632 

B 
miRBase filtered CPM 

Counts: 320 

  

Figure 2.6 Unsupervised filtering to remove low counts 

Violin plots showing the median and distribution of A) miRBase raw log2CPM (counts per million) and B) 

miRBase filtered log2CPM across samples. Samples are EVs isolated from uninfected ALI BCi (UI) and EVs 

isolated from IAV infected ALI BCi (I).  

2.19 Detection of outliers - Interquartile range vs median plot  

The presence of outliers was further investigated using IQR/Median plots. No samples were 

observed outside of ±2SD and therefore no outliers were removed (Figure 2.7).  
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Figure 2.7 No outliers were detected.  

Interquartile range/median plots of CPM data for miRbase. Blue perimeters represent ±1SD from the mean. 

Red perimeters represent ±2SD from the mean. Green perimeters represent ±3SD. Samples are EVs isolated 

from uninfected ALI BCi (UN) (orange data points) and EVs isolated from IAV infected ALI BCi (I) (blue data 

points).  

2.20 Data normalisation  

The filtered data was normalised using “Trimmed Mean of M-values” normalisation (TMM) 

implemented in the calcNormFactors function in the edgeR package (184,185). Under the TMM 

method of normalisation the TMM factor is computed by considering one sample as a reference 

sample and the others as test samples. This method is based on the hypothesis that most genes 

are not differentially expressed.  
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2.21 Principal component analysis 

Principal component analysis (PCA) was used to transform the multi-dimensional sequencing 

dataset to smaller, discrete sets of orthogonal principal components.  The first principal 

component specifies the direction with the largest variability in the data and then the variation 

decreases over the principal components. The PCA and plots were generated using the rgl 

package in R (v 3.8.2) using the function "prcomp" on the filtered CPM.  

2.22 Differential expression analysis 

Differential expression analysis was completed using edgeR method. EV miRNAs that were most 

stably expressed across all samples from the miRNA sequencing results were also investigated 

using NormFinder software (186). 

2.23 miRNet 

In silico miRNA target network analyses was conducted using miRNet 2.0 (www.mirnet.ca) and 

miRNA gene target database miRTarBase (https://bio.tools/mirtarbase). MiRNet was used to 

visualise the complex underlying networks between the miRNA and their target genes. The 

functional roles of the miRNA target gene network were also investigated in miRNet using gene 

ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, where p-

values < 0.05 were regarded as statistically significant for the functional analysis. Functional 

analyses of miRNA target genes identified by miRTarBase was also completed using ToppFun 

function of ToppGene an online biological information database that performs GO and KEGG 

pathway analysis (https://toppgene.cchmc.org/enrichment.jsp). 

2.24 Transfection 

Submerged BCi cells were seeded 6 x 104 cells per well in a 24 well plate with 500 μl of 

Pneumacult-Ex Complete Medium. The following day the media was changed to 450 μl of 

Pneumacult-Ex Complete Medium. Transfection was completed with Lipofectamine™ 3000 

Transfection Reagent and 20 nM of either miRVana miR-155-5p mimic, miRVana miR-155-5p 

inhibitor, miRVana control mimic or miRVana control inhibitor per well as per manufacturer 

instructions. Briefly 1 μl of Lipofectamine™ 3000 Transfection Reagent was diluted in 25 μl of 

Opti-MEM Medium. In addition, 10 pmol of RNA was diluted in 25 μl of Opti-MEM Medium. The 

http://www.mirnet.ca/
https://bio.tools/mirtarbase
https://toppgene.cchmc.org/enrichment.jsp
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diluted RNA was then added to diluted Lipofectamine™ 3000 in 1:1 ratio. The RNA Lipofectamine 

mixture was then incubated at room temperature for 15 minutes. Then 50 μl of the RNA 

Lipofectamine complex was added to the cells. The cells were the incubated at 37°C for 48 hours. 

ALI BCi cells were transfected with 100 nM of miRVana miR-155-5p mimic or miRVana control 

mimic. Briefly 5 μl of Lipofectamine™ 3000 Transfection Reagent and 100 pmol of RNA were 

combined in 500 μl of Opti-MEM Medium. From this 100 μl of transfection mixture was added to 

the apical surface and 400 μl of the transfection mixture was added to basolateral compartment. 

The cells were then incubated at 37°C for 4 hours and then returned to Pneumacult ALI media.  

2.25 Statistical Analyses 

GraphPad Prism version 9 (GraphPad Software Inc., San Diego, USA) was used for analyses. 

Statistical test used for analyses will be described where appropriate. Normality determined by 

Shapiro-Wilk test. Normally distributed data displayed with mean and analysed using unpaired t-

test. Normally distributed uninfected vs infected PBEC data displayed with mean and analysed 

using paired t-test. Non-parametric data displayed with medium and analysed using Mann-

Whitney test. Non-parametric uninfected vs infected PBEC data displayed with medium and 

analysed using Wilcoxon test. Significance was determined by p<0.05. 
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3 Characterisation of BCi-NS1 epithelial model for IAV 

infection and isolation of EVs 

3.1 Introduction 

This chapter addresses the first aim of this thesis which was to establish an ALI cultured bronchial 

epithelial cell model for IAV infection and isolation of EVs. This was completed using the BCi-NS1.1 

immortalised cell line kindly provided by Ronald Crystal. The BCi cell line has been generated from 

bronchial airway epithelial cells taken from a clinically normal donor and infected with a 

retrovirus expressing human telomerase (hTERT) (187). A cell line was chosen over primary cells 

as it was more easily accessible, especially during the COVID-19 pandemic.  

Most studies to date have used submerged basal airway epithelial cells to investigate influenza 

infection. Submerged basal airway epithelial models have limitations regarding recapitulating the 

differentiated epithelium observed in vivo (188). ALI differentiated epithelial cells have been 

proposed as a superior model system to investigate the pathogenesis of respiratory infections 

(189). The BCi cell line has been shown to retain characteristics of original primary cells over 40 

passages and has the capacity to differentiate into a pseudostratified layer including tight junction 

formation and the presence of motile cilia (187).  

Previous studies have shown EVs isolated 24 h post viral-infection contain significantly different 

levels of immune regulatory miRNA compared to uninfected controls (161).  There are currently 

no studies that describe the response of ALI cultured BCi to IAV or that characterise the EV miRNA 

cargo released from ALI cultured epithelial cells in response to IAV. Given the time and costs 

involved in RNA-sequencing and bioinformatics analysis it was important to first establish suitable 

infection conditions. IAV strain H3N2 was chosen for analyses given it routinely circulates in 

humans and has been associated with increased risk of hospitalisation in COPD patients (190). The 

immune response, cell death and barrier integrity of BCi was investigated following infection with 

IAV at TCID50 of 3.6 x 105 IU/ml (MOI 0.03) or 3.6 x 106 IU/ml (MOI 0.3) for either 24 or 48 h.  

Furthermore, this chapter reports the isolation and characterisation of EVs from BCi cells. EV 

characterization is a key first step in order to understand the function of EVs as described in the 

MISEV 2018 guidelines (92). EVs were isolated from the apical air-exposed surface of ALI BCi to 
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investigate the role of EVs in immune signal propagation in the lung. SEC was used to isolate EVs 

from other soluble proteins that can bind miRNA (191).  

3.2 Results 

3.2.1 Analysis of immune response, cell death and barrier integrity of ALI BCi following 

infection with IAV 

ALI cultured BCi cells were infected by adding IAV diluted in HBSS at either TCID50 of 3.6 x 105 

IU/ml or 3.6 x 106 IU/ml to the apical compartment for 2 hours. The cells were then washed with 

HBSS to remove any external virus and returned to ALI for 24 h or 48 h. Uninfected controls were 

incubated with HBSS without IAV. Uninfected and IAV infected samples were considered as 

unpaired samples given a single cell line was used and the experiments were carried out in 

separate wells.  

To investigate viral infection of BCi, analysis of viral RNA encoding IAV HA gene via qPCR was 

completed. ΔCT values of viral RNA were calculated for each sample from Ct values of gene of 

interest minus Ct value of housekeeping gene (ACTB). Following infection with 3.6 x 105 IU/ml, low 

levels of viral RNA were detected at 24 h (Figure 3.1A). However, the level of viral RNA was 

greatly increased by 48 h. A greater level of viral RNA was observed at 24 h for BCi infected with 

higher dose of IAV (3.6 x 106 IU/ml) compared to lower dose (3.6 x 105 IU/ml). Furthermore, the 

level of viral RNA was similar between 24 and 48 hours for 3.6 x 106 IU/ml.   

The MISEV 2018 guidelines outline the importance for EV studies to indicate the levels of cell 

death, since even a small percentage of cell death could release cell membranes that outnumber 

true released EVs. However, establishing a condition in which there is IAV infection but no cell 

death would not be possible in this circumstance, given it has been widely demonstrated that IAV 

induces apoptosis and necrosis of airway epithelial cells (91,192).  

To analyse IAV induced cell death, a LDH assay was performed on the apical wash supernatant 

harvested from differentiated BCi cells cultured at ALI. LDH is a soluble cytoplasmic enzyme that is 

released from the cytoplasm upon damage to the cellular membrane. Cytotoxicity was calculated 

as a percentage of LDH release of the total LDH measured following lysis of cells at each condition.  

Analyses of the data revealed a slight but not significant increase in LDH release by BCi cells 

infected with IAV at the 24 h time point for either infectious dose (Figure 3.1B). However, at the 
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48 h timepoint there was a large significant increase in LDH release from the BCi-ALI cultures that 

were infected with IAV at either infectious dose.  

To further understand the effect of IAV damage to the 3D architecture within the pseudostratified 

epithelium the integrity of the barrier formed by ALI cultured BCi cells was investigated by 

measuring the TEER. The electrical resistance of the epithelial layer was measured in ohms by 

placing one electrode in the apical compartment and the other in the basal compartment. The 

data presented is the TEER measurement of a particular well as a percentage of TEER 

measurement at time point 0 (Figure 3.1C). At 24 h post-infection, there was no significant 

difference in percentage TEER values for BCi infected with IAV at 3.6 x 105 IU/ml. On the other 

hand, at 24 h post-infection for BCi infected with IAV at 3.6 x 106 IU/ml there was a significant 

15% decrease in TEER. At 48 h there was a dramatic 75% reduction in TEER for 3.6 x 105 IU/ml and 

85% for 3.6 x 106 IU/ml IAV infected BCi. Despite this reduction in TEER no visible leakage of 

media to the apical face was observed.  

The innate immune response of ALI BCi to IAV was also investigated by analysing expression of 

CXCL10, IFNB1, ISG15, IL6 and SOCS1 (Figure 3.2). ALI BCi cultures infected with IAV at 3.6 x 105 

IU/ml showed slight upregulation of these innate immune genes at 24 h, with a more robust 

upregulation by 48 h. On the other hand, ALI BCi infected with IAV at 3.6 x 106 IU/ml showed a 

greater upregulation of these genes by 24 h. The most upregulated gene in response to IAV at 3.6 

x 106 IU/ml for both 24 and 48 h was CXCL10 followed by IFNB1, ISG15, SOCS1 and then IL6.  

Infection of ALI cultured BCi with IAV at 3.6 x 106 IU/ml for 24 h was decided as the most suitable 

condition to take forward for EV miRNA-sequencing due to the significant increase in the immune 

response but with low potential for confounding by factors associated with cell death.



3 

52 

 

A 

 

B 

 

C 

 

Figure 3.1 ALI BCi infection with IAV results in cell death and reduced barrier integrity 

Analysis was completed for IAV infected BCi (3.6 x 105 IU/ml (red symbols) or 3.6 x 106 IU/ml (blue symbols)) and uninfected BCi (yellow symbols) at the 24 h or 48 h post 

infection timepoints. A) The intracellular level of viral RNA encoding IAV HA was analysed via qPCR. ΔCT values of viral RNA was calculated as Ct values of IAV HA minus 

Ct value of housekeeping gene (ACTB). B) Cytotoxicity was calculated as LDH release as a percentage of the total LDH measured following cell lysis. C) TEER measurement 

as a percentage of TEER measurement at time point 0. Fold change was calculated for IAV infected sample compared to uninfected sample. Normality determined by 

Shapiro-Wilk test. Data displayed with mean and analysed using unpaired t-test. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Figure 3.2 ALI BCi infection with IAV results increased anti-viral gene expression  

Analysis was completed for IAV infected BCi (3.6 x 105 IU/ml (red symbols) or 3.6 x 106 IU/ml (blue symbols)) and uninfected BCi (yellow symbols) at the 24 h or 48 h post infection 

timepoints. The expression of CXCL10, IFNB1, ISG15, IL6 and SOCS1 was analysed via qPCR. ΔCT values were calculated from the Ct values of gene of interest minus Ct value of 

housekeeping gene (ACTB). Fold change was calculated for IAV infected sample compared to uninfected sample. Normality determined by Shapiro-Wilk test. Data displayed with medium 

and analysed using Mann-Whitney test. *P<0.05,**p<0.01, ***p<0.001, ****p<0.0001
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3.2.2 Characterisation of SEC isolated EVs - Protein concentration  

EVs were collected from ALI BCi by completing a HBSS wash of the apical surface. A multi-step 

process including filtration and SEC was then used to isolate EVs, based on size, from other 

soluble protein-miRNA complexes in the apical wash. EV isolation was completed using 5 ml of 

apical wash collected and concentrated from 12 x 0.33 cm2 BCi ALI transwells. The SEC elution was 

collected as 24 x 0.5 ml fractions immediately after loading the sample (Figure 3.3A). Based on 

the manufacturer’s instructions EVs were expected to be eluted in fractions 6-11.  The protein 

concentration across the first 17 SEC fractions were analysed (Figure 3.3B). This showed a clear 

peak in protein concentration of around 100 µg/mL at fraction 8. A second protein peak was also 

observed in the later fractions. The fractions were then combined and concentrated to form 4 

groups as follows: fractions 1-5 termed SEC#1, fractions 6-11 termed SEC#2, fractions 12-17 

termed SEC#3 and fractions 18-24 termed SEC#4. The protein concentration of the grouped 

fractions was analysed. Once concentrated, around 300 µg/mL of protein could be detected in the 

SEC#2 grouped EV fraction and around 900 µg/mL in the later fraction’s termer SEC#4 (Figure 

3.3C). Protein was not detected in the SEC#1 void volume samples. No significant difference in 

protein concentration of SEC#2 grouped EV fraction was detected between uninfected and IAV 

infected samples (Figure 3.3D).  

3.2.3 Characterisation of SEC isolated EVs - Lipoprotein detection 

One of the main limitations of SEC is that EVs have been shown to be co-isolated with lipoprotein 

particles due to a similarity in size (193). Unlike EVs, lipoproteins are composed of a surface 

monolayer of phospholipid, cholesterol and apolipoproteins. While there is evidence that 

lipoproteins are present in the lung, previous studies have reported the release of lipoproteins 

from cell types including macrophages and alveolar epithelial cells rather than ciliated bronchial 

epithelial cells (194). Furthermore, bronchial epithelial cells have not been shown to express 

typical apolipoproteins required for the formation of lipoprotein (195). To confirm the absence of 

lipoprotein released from ALI BCi an ApoE ELISA was completed. Indeed, ApoE was not detected 

even in the concentrated apical wash prior to isolation (data not shown). A signal was detected 

from the positive control supporting this result was due to no ApoE or extremely low 

concentrations of ApoE released by BCi and not an error in the experimental technique.  
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Figure 3.3 EVs separated from other soluble protein using SEC  

A) Schematic of SEC EV isolation protocol from ALI BCi. Protein concentration (µg/ml) measured by BCA assay of B) 1-17 fractions obtained from SEC separation of ALI BCi 

apical wash (n=3). C) Concentrated fractions SEC#1 (fractions 1-5), SEC#2 (fractions 6-11), SEC#3 (fractions 12-17) and SEC#4 (fractions 18-24) from SEC separation of ALI BCi 

(n=4). Mean displayed with standard deviation. D) Protein concentration SEC#2 for uninfected and IAV infected ALI. Normality determined by Shapiro-Wilk test. Normally 

distributed data displayed with mean and analysed using unpaired t-test. Statistical analyses completed with unpaired t-test. ns=not significant. 

A B 

C D 
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3.2.4 Characterisation of SEC isolated EVs - Transmission electron microscopy 

To provide further confirmation that EVs were present in the SEC#2 isolated sample from the apical 

wash of ALI BCi, the SEC concentrated fractions were visualised using TEM.  Visualisation of grouped 

SEC fraction SEC#2 revealed particles with expected size (<200 nm) and “cup shaped” morphology 

previously observed for EVs under TEM (Figure 3.4A). Particles with the typical EV morphology were 

not visualised in the SEC#3 isolated sample (Figure 3.4B). Other small particles around <50 nm in size 

with no clear membrane structure were observed in both SEC#2 and SEC#3. These may be non-

vesicular particles, EVs that are too small to observe clear membrane structure or an artefact of the 

method as the EVs appear to be ruptured releasing their content.  

3.2.5 Characterisation of SEC isolated EVs - Western blot analyses  

Western blot analyses was used to further demonstrate the presence of EVs and lack of 

contaminating particles and other molecules in SEC#2 isolated samples from ALI BCi cultures (Figure 

3.5). Concentrated SEC fractions (#1, #2, #3 and #4) and ALI BCi cell lysate were loaded onto the 

same gel. The same volume of each of the concentrated SEC fractions (#1, #2, #3 and #4) was 

loaded. The different SEC fractions were not standardised to equal protein concentrations prior to 

loading. Tetraspanin CD63 commonly used as an EV marker was predominantly detected in SEC#2 

and to a lesser extent in SEC#3. Furthermore, CD63 appears to be enriched in SEC#2 compared to 

cell lysate. Tetraspanin CD9, also commonly used as an EV marker, was only detected in SEC#2. In 

addition, the molecular weight of CD9 was lower for SEC#2 compared to the cell lysate. Given 

smaller particles were observed by TEM the presence of STCH (Heat Shock Protein Family A (Hsp70) 

Member 13) previously associated with small non membrane particle was investigated (98). This was 

shown to be only present in the later fractions SEC#3 and SEC#4. In addition, the absence of 

endoplasmic reticulum protein calnexin in any of the SEC fractions was demonstrated. On the other 

hand, calnexin was strongly detected in the cell lysate. 
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Figure 3.4 Particles with typical size and morphology of EVs visualised in SEC#2 sample by TEM  

TEM images of A) SEC#2 (multiple images from single sample) and B) SEC#3 isolated samples from apical wash 

of ALI BCi. Yellow arrows indicate example of particles typical of EVs. Scale bar shown in bottom right-hand 

corner. n=1.  
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Figure 3.5 Presence of EV proteins (CD63 and CD9) and absence of non-EV proteins (STCH and Calnexin) 

detected in SEC#2 sample  

Left lane contains prestained protein ladder with protein size indicated in kDa. Samples and total protein 

loaded include SEC#1 (0 µg), SEC#2 (2 µg), SEC#3 (1.9 µg), SEC#4 (13 µg) isolated from apical wash of ALI BCi 

and ALI BCi cell lysate (3.6 µg).  

3.2.6 Characterisation of SEC isolated EVs - ExoView 

To further characterize the EV population, 200 µl of concentrated SEC#2 sample was sent for 

analyses by NanoView Biosciences using the ExoView R100. A 200 µl non-isolated sample 

concentrated from 10 ml of apical wash prior to filtration or SEC was also analysed. The ExoView 

system and antibodies have been optimised to allow comparison between different EV markers. The 

mean size of CD9, CD63 or CD81 positive particles was obtained by interferometry-based label free 

measurements on particles captured by either CD9, CD63 or CD81 antibodies based on three 

technical replicates (Figure 3.6A). The mean particle size was determined to be relatively similar 

across the capture antibodies at 59 nm for CD9 capture, 61 nm for CD63 capture and 65 nm for 

CD81 capture. This was comparable to non-isolated sample supporting that SEC does not bias a 

particular population. One limitation of this method is that it has a lower limit cut-off of 50 nm and 

therefore any EVs smaller than 50 nm would not be detected potentially skewing the mean particle 
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size to be greater than it is (Figure 3.6B). This technology also allows quantification of all tetraspanin 

positive particles using fluorescent antibodies. The highest concentration of particles in both the 

isolated and non-isolated samples were CD9 positive followed by CD63 and CD81 (Figure 3.6C). In 

addition, the data suggests around 50% yield of EVs from the isolation protocol. The co-localisation 

of tetraspanins on particles in the SEC#2 sample was also investigated (Figure 3.6D). This 

demonstrated a heterogenous population with around half of CD9+ particles only containing CD9, 

with the remainder containing two tetraspanins and only a small percentage containing all three. 

CD63+ particles again predominantly only contained one tetraspanin however CD63+ is more 

commonly found co-isolated with CD9 compared to CD81. Lastly, CD81+ particles predominantly 

also contained CD9. A similar number of particles contained only CD81 or all three tetraspanins with 

little co-localisation observed with just CD63. Unfortunately it was not possible to complete ExoView 

analysis on EVs from IAV infected BCi as the company would not accept infected samples for 

analyses. 
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Figure 3.6 Analyses using ExoViewR100 platform reveal heterogenous population of ALI BCi EVs based on CD9, CD63 and CD81 EV markers  

A) Mean size of CD9, CD63 and CD81 captured particles for SEC#2 (n=1) and non-isolated samples (n=1) from ALI BCi apical wash. B) Size histogram SEC#2 isolated CD9 

capture. C) Diagram of ExoView immunocapture of EVs and fluorescent detection of CD9, CD81 and CD63. D) Concentration of particles with either CD9, CD63 or CD81 

markers for SEC#2 and non-isolated supernatants. E) Co-localisation of CD9, CD63 and CD81 markers for particles captured by either CD9, CD63, CD81 antibodies. Average 

based on three technical replicates.  
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3.3 Discussion 

Bronchial epithelial cells are vital mediators of the immune response at the lung interface (47). 

Recently it has been proposed that epithelial cells use EVs to communicate within the lung (196).  

There is limited existing literature on the miRNA cargo of airway epithelial EVs released in response 

to IAV. This chapter addresses the first aim of this thesis that was to establish a suitable in vitro 

culture model for the characterisation of EVs released by bronchial epithelial cells into the lung in 

response to IAV. The majority of previous studies investigating IAV infection of epithelial cells use 

monolayer, basal epithelial models. However in this thesis, epithelial cells were cultured under ALI to 

allow them to differentiate into a pseudostratified layer and that more closely mimics in vivo 

infection conditions (122,127,197). Furthermore EVs released apically from ALI cultured bronchial 

epithelial cells have been suggested to be reflective of those present in the airways and provide a 

relevant model of studying the role of EVs in immune signal propagation in the lung (198,199).  

A number of immortalised respiratory epithelial cell lines have been developed including BEAS-2B, 

Calu-3, A549 (200). Cell lines offer many advantages including that they are easily accessible and can 

be used at high passage. However, many cell lines such as, A549 and Calu-3 are carcinogenic in origin 

and likely to have altered genetic and phenotypic characteristics compared with non-carcinogenic 

cells (201). BEAS-2B was the first cell line developed from non-carcinogenic human epithelium via 

transfection with an adenovirus 12-SV40 hybrid virus and have been used widely to in epithelial 

studies (202). However, BEAS-2B have limited ability to differentiate and do not form functional tight 

junctions (201). This study utilises the BCi immortalised human bronchial cell line that has been 

generated via expression of hTERT (187). BCi were used in this thesis due to the fact they can be 

more easily obtained and can be passaged for longer compared to primary epithelial cells. 

Furthermore, they were suitable for the preliminary nature of the research completed in this thesis. 

However, immortalised cell lines have limitations including the fact they have altered characteristics 

and do not capture the varying characteristics of the human population. Therefore, according to the 

third aim of this thesis, research will initially be completed using BCi and then validated using 

primary epithelial cells.  

Epithelial cells are the primary target for IAV infection. Infection of host cells is required for IAV to 

propagate. In live cells 5.8% for 3.6 x 105 IU/ml and 7.3% for 3.6 x 106 IU/ml were IAV NP1 positive. 

In dead cells 16% for 3.6 x 105 IU/ml and 21.4% for 3.6 x 106 IU/ml were IAV NP1 positive. The results 

of this chapter also support IAV infection of ALI cultured BCi cells. An increase in the level of IAV RNA 

between 24 h and 48 h combined with the observation that a higher level of viral RNA was detected 

at 48 h after infection with the lower dose of IAV compared to the higher dose suggests IAV can 
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efficiently replicate in BCi. In addition, the results support that the level of IAV infection reaches a 

plateau. 

IAV infection has been widely shown to induce apoptosis or necrosis of airway epithelial cells (192). 

Although studies have suggested that apoptotic bodies may also transfer miRNA and play a role in 

antigen presentation in immunoregulation or harbour viral materials that contribute to the 

progression of IAV infection, they are not the focus of this study (203,204). Low infectious doses 

were chosen for this study to minimise cell death as this thesis aimed to investigate EVs released by 

epithelial cells in response to IAV rather than apoptotic bodies as a result of cell death (205).  

The results in this chapter suggest that infection of ALI cultured BCi with either 3.6 x 105 IU/ml or 3.6 

x 106 IU/ml IAV result in a high level of LDH release and disruption of the epithelial barrier function at 

48 h. In addition, a slight increase in LDH release and barrier function was observed at 24 h following 

infection with IAV at 3.6 x 106 IU/ml but not following infection with IAV at 3.6 x 105 IU/ml. This is 

most likely due to the much higher levels of viral infection detected for 3.6 x 106 IU/ml IAV infection 

compared to 3.6 x 105 IU/ml IAV infection at 24 h. These observations align with a previous study 

that demonstrated that IAV results in damage of the epithelium both in terms of cell death and 

break down of epithelial cell barriers. A recent study demonstrated damage to in vitro cultures of 

alveolar epithelium 30 hours after H1N1pdm09 infection at MOI of 1, as characterized by a reduced 

TEER and increased cell death (77).  

Epithelial cells have been widely demonstrated to express and release a range of anti-viral proteins. 

In this chapter increased expression of a range of immune genes including CXCL10, IFNB1, ISG15, IL6 

and SOCS1 was demonstrated in response to IAV. These genes have previously been reported to be 

upregulated in response to IAV infection (206–210). Substantial immune gene expression was 

observed for 3.6 x 105 IU/ml at 48 h or 3.6 x 106 IU/ml IAV at 24 and 48 h. Again, this is most likely 

due to the higher levels of viral infection detected for 3.6 x 106 IU/ml IAV infection compared to 3.6 x 

105 IU/ml IAV infection at 24 h. CXCL10 was the most upregulated gene followed by IFNB1. This 

aligns with another study that reported a dramatic 13,000-fold increase in CXCL10 expression and 

5500-fold increase in IFNB1 expression in ALI cultured airway epithelial cells following infection with 

IAV (77). Furthermore, ISG15 has previously been shown to be one of the most strongly and rapidly 

induced ISGs, with the ability to directly inhibit viral replication and modulate host immunity by the 

induction of natural killer cell proliferation and dendritic cell maturation as well as recruitment of 

neutrophils (211). In addition previous in vitro studies report increased SOCS expression in IAV-

infected human bronchial epithelial cells as a key regulator of the innate immune response (212). IL6 

was the least upregulated gene of those investigated. IL6 has been reported to be required for virus 
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clearance through modulating neutrophil release and recruitment, and pivotal for the antibody 

production by promoting the differentiation of B cells (213). Furthermore, an increase in IL6 

expression has been strongly associated with IAV disease severity in humans (214).  

Over the last 10 years there has been a rapid increase in the number of studies investigating the 

structure and function of EVs. This has been accompanied by the development of a wide range of 

techniques for the separation of EVs from other extracellular particles with some of the most 

common techniques including ultracentrifugation, SEC and density gradient separation. Given the 

lack of a gold standard it is currently accepted in the EV field to select a technique most suitable for 

the purpose of the study and provide evidence to support the successful isolation of EVs (92). SEC 

was selected for this study given it does not require any specialised equipment that could not be 

affordably purchased. In addition, this method has previously been shown to isolate a high yield 

compared to other techniques while separating EVs from other soluble proteins such as AGO2 that 

can bind miRNA (191).  SEC uses porous beads to separate particles based on size with the largest 

particles being eluted first as they are unable to diffuse into the beads. Ultrafiltration combined with 

SEC has previously been shown to efficiently isolate EVs from cell culture for compositional and 

functional studies (172). 

The release of EVs from ALI cultured BCi was investigated. On review of the literature, previous 

studies have required around 4 x T75 flasks of submerged basal epithelial cell culture conditioned 

media to isolate enough EVs for analyses (172). Therefore, experiments with basal epithelial EVs 

require a large quantity of culture plates that are more challenging to process. Furthermore another 

study using primary human bronchial epithelial ALI models reported that EVs are primarily released 

from the apical face opposed to the basolateral compartment (198). This thesis therefore focused on 

EVs released apically from differentiated epithelial cells as a model of EVs present in the lung.   

The presence of EVs in the SEC#2 isolated sample from the ALI BCi apical wash was demonstrated by 

a range of methods. A distinct peak in protein concentration was detected in the SEC#2 EV fractions 

isolated from the apical wash. EV samples were visualised with TEM and shown to contain 

membrane bound vesicles with typical morphology as previously described for lung derived EVs 

(215). In addition, it was not possible to observe any EVs greater than 200 nm supporting the 

absence of apoptotic bodies. Particles with typical EV morphology were also not observed in the 

later SEC#3 fraction. In support of this, the tetraspanins CD9 and CD63, known to be enriched in EVs, 

were predominantly detected in the SEC#2 EV sample (92). On detection of EV CD9 the band was at 

a lower molecular weight compared to CD9 from cell lysate. Potentially CD9 could be cleaved in EVs 

or this may be an artefact of western blot analyses. The ExoView platform demonstrated the 
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presence of particles with a mean diameter of around 60 nm that contain tetraspanins CD9, CD63 

and CD81. EVs isolated from apical face of bronchial epithelial cells appear to fall into previously 

reported small EV category (98).  

Furthermore, the ExoView platform has been optimised with fluorescent antibodies to compare the 

presence of EV markers. The results in this chapter are the first to my knowledge that quantify EV 

markers from ALI cultured BCi via the ExoView platform. ALI cultured BCi EVs were shown to 

predominantly contain CD9 followed by CD63 and then CD81. In line with the data presented in this 

chapter, a previous study investigating EVs released from epithelial cells demonstrated that CD9 was 

the most prominently expressed EV marker followed by CD63 and CD81 (216). In addition, this 

chapter reports the co-localisation of CD9, CD63 and CD81 tetraspanins on isolated EVs. A 

heterogeneous population of EVs with a range of one or more tetraspanins was detected supporting 

previous studies that have demonstrated the heterogeneity of EVs (217).  

Other studies have found differences in the presence of EV markers in response to viral infection. 

Plasma EV markers have been shown to be altered by infection with SARS-CoV-2 (218). A recent 

study also using the ExoView platform showed diverse populations of human epithelial EVs with 

opposite functions during Herpes Simplex Virus 1 infection (216). This previous study also reported 

that CD63+ EVs significantly increased with infection and became present in higher levels than CD9 

(216). Unfortunately, it was not possible to complete analyses of EVs from IAV infected BCi in this 

thesis as NanoView Biosciences did not accept infected samples for analyses. This study will 

continue to investigate the EV population as a whole, given the additional technical difficulty and 

amount of sample required to separate different populations. Future work is required to determine 

differences in the miRNA content and function between EV populations.  

The absence of other extracellular particles in the SEC#2 EV sample was also demonstrated. The 

presence of other smaller particles without clear membrane structures were visualised in the EV 

sample using TEM. These particles are likely to be an artefact of the method as the EVs appear to be 

ruptured releasing their content. Other studies have shown one limitation of SEC is that due to 

similarity in size, EVs can be co isolated with lipoprotein particles that have also been associated 

with miRNA (193,219). However, the absence of lipoproteins in the EV sample is supported by 

absence of ApoE, an important protein for the formation of lipoproteins and the fact many 

apolipoprotein have been shown not to be expressed by bronchial epithelial cells (220). In addition, 

the absence of STCH, supports the absence of non-membrane particles termed exomeres that are 

~30nm and have also been associated with miRNA (221). Furthermore, the absence of endoplasmic 
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reticulum protein calnexin in these ALI culture-derived SEC#2 EV samples indicates no contamination 

with non-EV associated intracellular proteins (222).  

3.4 Summary 

In this chapter infection of ALI cultured BCi with IAV at 3.6 x 106 IU/ml for 24 h was decided as the 

most suitable condition to take forward for EV miRNA-sequencing due to significant increase in 

immune response but with low potential for confounding by factors associated with cell death. 

Overall, successful isolation of EVs from the apical surface of ALI cultures BCi was demonstrated by 

visualisation of EVs via TEM and detection of EV markers via western blot and ExoView system. 

Furthermore, ELISA and western blot analyses support the absence of typical contaminating factors.  
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4 Bronchial epithelial cell EV miRNA profile in response to 

IAV 

4.1 Introduction 

The previous chapter determined suitable IAV infection conditions for ALI BCi and demonstrated the 

successful isolation of EVs from the apical wash of ALI cultured BCi. This chapter addresses the aim 

to compare EV miRNA released from uninfected and IAV infected BCi cells.  

RNA sequencing has previously demonstrated significant differences in EV miRNA released from RSV 

infected A549 monoloyer cultures at MOI 1 for 24 hours compared to non-infected controls (161). 

There are a few previous studies that have reported changes in epithelial EV miRNA in response to 

influenza. For example, EVs produced by influenza infected A549 epithelial cells induced IFN 

production to inhibit viral replication through upregulation of miR-1975 (162). However, these 

studies are limited by the fact they use submerged monolayer basal cell culture systems. To my 

knowledge there are currently no studies that characterise the EV miRNA cargo released from ALI 

cultured epithelial cells in response to influenza.  

EVs were isolated from the apical wash of uninfected ALI cultured BCi (n=5) and IAV infected BCi 

(n=5) using filtration and SEC as previously described in Chapter 3.  Infection was completed with IAV 

at TCID50 of 3.6 x 106 for 24 h as optimised in Chapter 3. EV samples were sent to Qiagen for RNA 

extraction, library preparation and sequencing using optimised, robust miRNA specific methods 

developed by Qiagen as described in section 2.15.  

Qiagen completed the initial stages of processing the sequencing data for analyses including aligning 

the sequencing reads to the human mature miRNA database (miRBase).  Reads were also mapped to 

another small RNA called piRNA. Reads not mapped to miRBase or piRNA database were mapped to 

the human genome. Differential expression analysis of EV miRNA between uninfected and IAV 

infected epithelial EVs was completed. The sequencing results were validated using RT-qPCR. The 

level of cellular and non-EV miRNA was also investigated to better understand if the changes in EV 

miRNA were specific to EVs. 

Given BCi cells have been modified to immortalise them it was also important to validate these 

finding using primary cells. Furthermore, one of the benefits of primary cells is it is possible to 

investigate the impact of chronic disease such as COPD on the EV miRNA response to IAV. As 
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previously described in Chapter 1 patients with COPD are more susceptible to influenza infections 

though the exact molecular mechanism responsible for dysfunction of anti-viral immune response 

remains unclear. Therefore, EV miRNA released following infection were compared between healthy 

(n=3) and COPD (n=3) PBEC.  

4.2 Results 

4.2.1 Distribution of read biotypes 

Reads obtained from miRNA sequencing of uninfected (n=5) and IAV infected (n=5) BCi EVs were 

mapped by Qiagen to the mature miRNA database (miRBase). Reads were also mapped to the piRNA 

database (piRNAdb). Both piRNA and miRNA have been reported as regulators of gene expression 

and piRNA are of a similar size compared to miRNA, at 26-31 nt compared to 21-24 nt (223). 

However, while miRNA have been demonstrated to be ubiquitously expressed and their ability to 

repress target transcripts has been widely reported, piRNA have been predominantly identified in 

germline cells, where they serve essential roles in transposon silencing (109,224,225). 

The average proportion of reads mapped to miRBase was 31.8% for EVs released from uninfected 

BCi and 34.8% for EVs released from IAV infected BCi (Figure 4.1A). The average proportion of reads 

mapped to piRNA database was much lower at 2.7% for uninfected BCi EVs and 3.2% for IAV 

infected BCi EVs. A large proportion of the reads were not mapped to these small RNA databases. 

These reads were mapped to the human genome. For both the uninfected BCi EVs and IAV infected 

BCi EVs the majority of the genome mapped reads were either lncRNA or protein coding RNA (Figure 

4.1B). Uninfected and IAV infected samples were considered as unpaired samples given a single cell 

line was used and the experiments were carried out in separate transwells. Overall, the percentage 

of mapped reads was not significantly different between uninfected BCi EVs and IAV infected BCi EVs 

with the exception of miscellaneous RNA (miscRNA) which was significantly higher in IAV infected 

BCi EVs.  MiscRNA is a non-coding RNA that cannot be classified by known RNA types. Other RNA 

biotypes including ribosomal RNA (rRNA), small nuclear RNA, mitochondrial (Mt) rRNA, small 

nucleolar RNAs, Mt tRNA were detected at very low levels at less than 1% of total. 
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 Figure 4.1 Proportions of EV reads mapped to miRBase is not altered following infection with IAV.  

A) Percentage of reads, from miRNA sequencing of uninfected BCi and IAV infected BCi EVs, mapped to 

miRBase and piRNAdb. B) Figure display unannotated reads (reads not mapped to miRBase or piRNAdb) 

mapped to the human genome. Other group includes ribosomal RNA (rRNA), small nuclear RNA, mitochondrial 

(Mt) rRNA, small nucleolar RNAs, Mt tRNA. Individual data points displayed. Normality determined by Shapiro-

Wilk test. Bar-graph display mean. t-test ***p<0.001.  

4.2.2 Separation of uninfected and IAV infected samples by EV miRNA  

One way to visualise variation in the data is to use dimensional reduction techniques such as 

principal component analysis (PCA). PCA is a statistical procedure that looks for a small set of 

orthogonal principal components. PCA plot performed for TMM normalised miRBase mapped data 

reveals separate clustering across PC1 of uninfected and infected BCi EVs based on miRNA except for 

one influenza data point (I4) that appears to cluster with the uninfected data points (Figure 4.2). The 

influenza datapoint (I4) was therefore determined to be an outlier and removed from the dataset for 

differential expression analysis. 
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Figure 4.2 PCA reveals variation between IAV and uninfected EV miRNA  

Three-dimensional principal component analysis (PCA) plot of filtered and TMM normalised miRBase mapped 

reads. EV samples were isolated from uninfected ALI BCi (Blue) (UI1-5) or IAV infected ALI BCi (green) (I1-5).  

4.2.3 EV miRNA identified by sequencing to be altered in response to IAV  

Differential expression analysis of uninfected and IAV infected BCi EVs was performed using 

methods outlined in section 2.15.4. Uninfected and IAV infected samples were considered as 

unpaired samples given a single cell line was used and the experiments were carried out in separate 

wells. The results are summarised in the heat map in Figure 4.3A, showing 13 significantly 

differentially expressed miRNA with p value adjusted using false discovery rate (FDR) correction, 

whereby by significance is demonstrated with an FDR of less than 0.01. These 13 significantly 

differentially expressed miRNA were then further reduced to 6 miRNA by applying a logFC > 0.6 or < 

-0.6 cut-off to identify miRNA altered above the minimal level of change of miRNA previously 

reported to have a significant impact on the biology of the cell (Figure 4.3B) (226). Of these, 5 miRNA 

were identified to be upregulated for IAV infected BCi EVs with logFC > 0.6 (miR-122-5p, miR-155-5p, 

miR-146a-5p, miR-7-5p, miR-378a-3p) and 1 downregulated with logFC < -0.6 (miR-505-5p). Three of 

these miRNAs had a relatively high degree of difference between uninfected and IAV infected BCi 

EVs with a logFC > 1 (miR-155-5p and miR-122-5p) or logFC < -1 (miR-505-5p). However, these three 

miRNAs were also only present at low levels with an average CPM <100. On the other hand, miR-

146a-5p was the most highly abundant miRNA of these 6 differentially expressed miRNA wqqqith an 
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average CPM of 18,500. In addition, the top five miRNA that were most stably expressed across both 

IAV and uninfected BCi EVs were determined to be miR-26b-5p, miR-25-3p, let-7f-5p, miR-200b-5p 

and miR-148b-3p (Figure 4.3C). These were identified using the NormFinder software (186). 

Visualisation of the differentially expressed miRNA CPM revealed IAV EV sample I4, that clustered 

with the uninfected samples on PCA, did not have elevated levels of miR-146 as observed for the 

other IAV EV samples (Figure 4.3D). However, levels of miR-505, miR-378a, miR-7, miR-155 and miR-

122 were altered in sample I4. 
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Figure 4.3 Differential expression analyses reveals miRNA altered in IAV infected BCi EVs compared to uninfected BCi EVs  

Comparison of EV samples isolated from uninfected ALI BCi or IAV infected ALI BCi. A) Heatmap, created using heatmap.2 function, of differential expressed miRNA 

(FDR<0.01) (Samples UI1-5 and I1-3,5) B) Table displaying logFC, logCPM and FDR of differential miRNA with logFC > 0.6 (red) or logFC< -0.6 (blue). C) NormFinder analysis 

of miRNA sequencing data to detect the most stably expressed miRNA across both IAV and uninfected BCi EVs. NormFinder uses a model-based approach which calculates 

the stability of reference genes based on two parameters–the intergroup variation (GroupDif) and the intragroup variation (GroupSD).  D) Graphs displaying CPM of 

differential miRNA with logFC > 0.6 or logFC< -0.6 for uninfected EV (blue) (UI1-5) and IAV infected EVs (green) (I1-5). Line indicates median. Normality determined by 

Shapiro-Wilk test. Mann-Whitney. *=P<0.05, **p<0.01 
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4.2.4 Most abundant BCi EV miRNA 

Previous studies have suggested that miRNA abundance may be an important factor for miRNA-

mediated gene regulation. Therefore, the most abundant EV miRNAs were investigated. Abundant 

miRNAs were identified by visualising miRNA with a mean count (n=5) greater than 3 SD from the 

mean count of all the miRNA (Figure 4.4A). In total 17 miRNA were identified for uninfected EVs and 

19 miRNA were identified for IAV EVs. Several of these miRNAs including miR-191-5p, miR-146a-5p 

and miR-103a-3p were identified in section 4.2.3 to be significantly increased in IAV infected EVs 

compared to uninfected EVs. Though miR-191-5p and miR-103a-3p had a very low log2 fold change 

<0.6. Most of the abundant miRNAs were not significantly altered between uninfected and IAV 

infected BCi EVs. Furthermore, several miRNAs, including miR-26a-5p and let-7f-5p, were miRNA 

identified in section 4.2.3 to be the most stable miRNA. The top 10 most abundant miRNA were 

shared between uninfected and IAV infected EVs and form a distinct cluster over 9 SD above the 

mean count of all miRNA (Figure 4.4B). Of these 10 miRNAs, only miR-191-5p was also shown to be 

significantly increased in IAV infected EVs (section 4.2.3). The average amount of the top 10 miRNA 

(n=5) was calculated as a percentage of the total miRNA counts. This revealed for both uninfected 

and IAV infected EVs these top 10 miRNA make up a large proportion (around 60%) of the total 

counts (Figure 4.4C). 
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Figure 4.4 Top ten most abundant EV miRNA make up a large proportion of total EV miRNA  

A) Scatter plot for uninfected and IAV infected BCi EV miRNA average counts. miRNA with an average count 

above 3 SD (indicated by line) of the total miRNA average counts are labelled.  B)  Scatter plot for uninfected 

and IAV infected BCi EV miRNA average counts. miRNA with an average count above 9 SD (indicated by line) of 

the total miRNA average counts are labelled.  C) Graphs show miRNA counts as an average percentage of total 

miRNA counts for EVs released from either uninfected or IAV BCi. MiRNA outside of top 10 grouped together in 

category “other”. Standard deviation (SD) labelled.
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4.3 Validation of BCi EV miRNA altered in response to IAV using qPCR 

Analyses of the levels of miR-122, miR-155, miR-146a, miR-7, miR-378a and miR-505 relative to 

housekeeping miRNA (miR-26b-5p) was completed by qPCR to validate sequencing results that 

showed these miRNAs to be altered in BCi EVs at 24 hours post infection (hpi) with IAV. Uninfected 

and IAV infected samples were considered as unpaired samples given a single cell line was used and 

the experiments were carried out in separate wells. Given RT-qPCR is cheaper, analyses could also 

be expanded to include 48 hpi as well as the cellular and non-EV miRNA. It was therefore possible to 

analyse if miRNA changes in response to IAV were EV specific. Non-EV samples at 48 hpi was not 

analysed due to an issue with one of the samples and insufficient time to generate additional 

samples. The most upregulated EV miRNA in response to IAV was miR-122-5p. However, as 

demonstrated in section 4.2.3, miR-122-5p was also very lowly abundant with CPM <15. miR-122-5p 

was not detected by qPCR across all the samples including EVs, non-EVs and cells supporting the low 

abundance of bronchial epithelial miR-122-5p (Figure 4.5A).  

The next most elevated miRNA in response to IAV, as demonstrated in section 4.2.3, was miR-155 

which was slightly more abundant with an average CPM <50 in uninfected EV samples and CPM <200 

in IAV infected EV samples. Due to the low abundance of miR-155, it could not be detected by qPCR 

in many of the uninfected EV samples and some of the IAV infected EV samples (Figure 4.5B). 

Despite this qPCR supported increase in EV and non-EV miR-155 at 24 hpi. Furthermore a 10-fold 

increase in both EV and cellular miR-155 was observed between 24 and 48 hpi. Sequencing 

suggested miR-146a to be the most abundant of the miRNA shown to be altered in response to IAV. 

Analyses via qPCR also showed miR-146a to be the most abundant extracellular miRNA both in EV 

and non-EV samples as well as on the cellular level (Figure 4.5C). Furthermore, qPCR analyses 

revealed a small increase in miR-146a levels relative to miR-26b in EVs at both 24 hpi and 48 hpi.  

A significant increase in the relative levels of miR-7-5p was detected by qPCR at 48 hpi but not at 24 

hpi in both EVs and cells (Figure 4.5D). On the other hand, a small but non-significant increase in the 

relative levels of EV miR-378a-3p but not cellular miR-378a-3p was demonstrated by qPCR at 24 hpi 

(Figure 4.5E). No significant change in relative levels of miR-505 was detected for all samples (Figure 

4.5F).  
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Figure 4.5 Validation of miRNA altered in IAV infected BCi EVs compared to uninfected BCi EVs via qPCR 

Relative level of A) miR-122-5p, B) miR-155-5p, C) miR-146a-5p, D) miR-7-5p, E) miR-378a-3p and F) miR-505-

5p compared to miR-26b-5p for EV, Non-EV and cellular samples from uninfected or IAV infected BCi at either 

24 hours post infection (hpi) or 48 hpi. Blue circle= Uninfected, Green triangle=infected. Black data points=Not 

detected. Normality determined by Shapiro-Wilk test. Normally distributed data displayed with mean and 

analysed using unpaired t-test. *=P<0.05, **p<0.01 
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4.4 Validation of healthy and COPD PBEC EV miRNA altered in response to 

IAV using qPCR 

PBEC were then used to further validate changes in EV miRNA in response to IAV given that the 

modification of cells to generate cell lines, such as the BCi cells used in this study, can alter cell 

characteristics. Furthermore, by using primary cells it was possible to compare response in healthy 

and COPD PBECs. This is particularly of interest given that patients with COPD are more susceptible 

to IAV with more severe symptoms, yet the underlying molecular mechanisms of the 

hypersusceptibility of airway inflammatory response remain unclear (152).  

An postbronchodilator FEV1/FVC ratio of less than 70% quantified by spirometry was required for 

the diagnosis of COPD (Table 4.1). Furthermore, COPD patients were either mild (FEV1 ≥80% of 

predicted) or moderate (FEV1 of 50%–79% of predicted). These samples were age and gender 

matched. However further replicates are required to include female samples to remove any gender 

bias. Furthermore, COPD patients had a significantly higher number of smoking pack years that may 

bias results and therefore further replicates are also required to remove this bias. Unfortunately, it 

was not possible to achieve a greater number of replicates due to availability of primary samples in 

the designated time frame.  

PBEC from healthy ex-smokers (n=3) or COPD ex-smoker donors (n=3) were cultured at ALI. The 

comparison of ex-smokers was chosen to investigate mechanism by which some smokers develop 

COPD while others do not as this remains a pertinent question in the study of COPD. IAV infection 

and EV isolation was completed as detailed in previous section for BCi (TCID50 of 3.6 x 106 for 24 h). 

Uninfected and IAV infected samples from a single donor were considered as paired samples. 

Uninfected and IAV infected EV samples from healthy and COPD PBEC were confirmed to be 

enriched in CD63 EV marker while non-EV protein calnexin was shown to be absent (Figure 4.6A). In 

addition, a greater level of CD63 was observed in infected EV sample for both healthy and COPD EVs. 

However future experiments are required to validate this.  

Gene expression was calculated as ΔCT value for each sample from Ct values of gene of interest 

minus Ct value of housekeeping gene (ACTB). An increase in expression of immune genes including 

CXCL10, IFNB1, ISG15 and SOCS1 was detected for PBECs in response to IAV (Figure 4.6B). 

Furthermore, viral RNA was detected. The average immune gene expression was similar between 

healthy and COPD PBECs. In addition, there was no difference in the level of IAV RNA detected and 

barrier formation as determined by TEER measurement between healthy and COPD PBECs (Figure 
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4.6C-D). Due to the spread of the data and low number of replicates there was not enough power to 

determine statistical significance.  

4.4.1 Subject/sample characteristics 

Subject/sample 

characteristics 

COPD ex-smoker 
(n=3) Healthy ex-smoker (n=3) P value 

Age, mean ±SD 62±9 57±14 0.617 

Male, (%) 100 100 - 

Smoking pack years, 

mean ±SD 
42±9 26±4 0.047 

BMI, mean ±SD 29.6±2.6 28.5±5.1 0.756 

Lung Physiology 

FEV1 (% predicted), mean 

±SD 
74±12 93±13 0.141 

FVC (% predicted), mean 

±SD 
96±10 94±13 0.895 

FEV1/FVC%, mean ±SD 59±10 77±3 0.038 

Table 4.1 Characteristics of PBEC subjects 

BMI, body mass index; FEV1, forced expiratory volume in 1 sec, FVC, forced vital capacity ; FEF, Forced 

expiratory flow rate. SD, standard deviation. T-test. 
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Figure 4.6 Characterisation of healthy and COPD PBEC infection model 

Healthy and COPD PBEC either uninfected or IAV infected at TCID50 of 3.6 x 106 for 24 hours. A) Western Blot of 

EV protein marker CD63 and non-vesicular protein calnexin. PBEC cell lysate included. Molecular weight protein 

ladder displayed in kDa. B) Expression of CXCL10, IFNB1, ISG15 and SOCS1. Gene expression was calculated as 

ΔCT value for each sample from Ct values of gene of interest minus Ct value of housekeeping gene (ACTB). C) 

level of IAV RNA or D) TEER fold change in healthy or COPD PBEC in response IAV infection. Normality 

determined by Shapiro-Wilk test. Normally distributed data displayed with mean and analysed using paired t-

test (C and D). Non-parametric data displayed with medium and analysed using Wilcoxon test (B). *P<0.05 



4 

80 

Levels of EV miRNA (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p and miR-505-5p) 

found by sequencing to be altered in response to IAV were investigated by qPCR in healthy and 

COPD PBECs. Infection conditions were as described for BCi (IAV at TCID50 of 3.6 x 106 for 24 h). As 

was observed for BCi miR-122-5p could not be detected in EVs, non-EVs or cells (data not shown). 

Furthermore, as observed for BCi, miR-155 could not be detected in the uninfected EV samples 

(Figure 4.7A). An increase in the relative levels of EV miR-155 was detected for healthy PBEC. On the 

other hand, a smaller increase in the relative levels of EV miR-155 was detected for COPD PBEC. 

Increased relative levels of miR-155 was also detected for non-EV and cell samples. An increase in 

the relative levels of miR-146a, miR-7 and miR-378a was also detected for healthy EVs but not COPD 

EVs in response to IAV (Figure 4.7B-D). On the other hand, no difference in the relative levels of miR-

146a, miR-7 or miR-378a was detected for both healthy and COPD non-EV and cell samples in 

response to IAV.  As observed for BCi, miR-146a was observed to be the most abundant miRNA of 

those altered in response to IAV for both EV and non-EV samples as well as on the cellular level for 

PBECs. No change in the relative levels of miR-505 was detected for all samples (Figure 4.7E). Due to 

the spread of the data and low number of replicates there was not enough power to determine 

statistical significance. Unfortunately, it was not possible to achieve a greater number of replicates 

due to availability of primary samples during designated time frame.  
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Figure 4.7 Validation miRNA altered in IAV infected healthy and COPD PBECs via qPCR 

Relative level of A) miR-155-5p, B) miR-146a-5p, C) miR-7-5p, D) miR-378a-3p, E) miR-505-5p compared to miR-

26b-5p for EV, Non-EV and cellular samples from healthy and control PBECs uninfected or IAV infected at 

TCID50 of 3.6 x 106 for 24 hours. Blue circle= Uninfected, Green triangle=infected. Black data points=Not 

detected. Normality determined by Shapiro-Wilk test. Non-parametric data displayed with medium and 

analysed using Wilcoxon test. *P<0.05 

4.4.2 Analyses of impact of ageing on PBEC EV miRNA response to IAV  

Given that ageing has been shown to impact the anti-viral immune response to influenza, the 

primary samples were grouped into those obtained from 41-65 years old (under 65) compared to 

66-85 years old (over 65) to assess impact of age as a confounding factor for comparison of healthy 

and COPD samples. Uninfected and IAV infected samples from a single donor were considered as 

paired samples. Interestingly the PBEC isolated from the over 65 group displayed lower immune 

gene expression in response to IAV compared to the younger group (Figure 4.8A). This may be at 

D 
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least partly explained by the fact that a lower level of infection, as measured by IAV RNA, was also 

observed for over 65 PBEC samples (Figure 4.8B). PBEC barrier formation as determined by TEER 

measurements showed no difference between age groups (Figure 4.8C). As previously stated 

unfortunately due to the spread of the data and low number of replicates there was not enough 

power to determine statistical significance and it was not possible to achieve a greater number of 

replicates in designated time frame. 

 

Figure 4.8 Characterisation of PBEC infection model grouped into under 65 and over 65 year old participants 

Under 65 and over 65 year old participant PBEC either uninfected or IAV infected at TCID50 of 3.6 x 106 for 24 

hours. A) Fold change of expression of CXCL10, IFNB1, ISG15 and SOCS1. Gene expression was calculated as 

ΔCT value for each sample from Ct values of gene of interest minus Ct value of housekeeping gene (ACTB). B) 

level of IAV RNA or C) TEER fold change in under 65 or over 65 PBEC in response to IAV infection. Normality 

determined by Shapiro-Wilk test. Non-parametric data displayed with medium and analysed using Wilcoxon 

test. *=P<0.05 
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Analyses of EV miRNA from PBEC of under 65 and over 65 years old participant PBEC samples 

revealed age related differences in EV miRNA (Figure 4.9). The relative level of miR-146a-5p was 

higher in EVs isolated from PBEC of participants over the age of 65, compared to the under the age 

of 65 for both the uninfected and IAV infected samples. On the other hand, in the over 65 group a 

lower level of miR-7-5p was detected in response to IAV. Due to the spread of the data and low 

number of replicates there was not enough power to determine statistical significance. 

Unfortunately, it was not possible to achieve a greater number of replicates due to availability of 

primary samples and time available to complete the work. 

 

Figure 4.9 Ageing impacts EV miRNA released by PBECs  

Relative level of miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p and miR-505-5p compared to miR-26b-5p 

for EV from under 65 and over 65 year old participant PBEC uninfected or IAV infected at TCID50 of 3.6 x 106 for 

24 hours. Blue circle= Uninfected, Green triangle=infected. Black data points=Not detected. Normality 

determined by Shapiro-Wilk test. Non-parametric data displayed with medium and analysed using Wilcoxon 

test. *=P<0.05 
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4.4.3 Relative abundance of extracellular and cellular miRNA  

The relative levels of the EV and non-EV miRNA detected to be altered in response to IAV were 

investigated as a ratio to cellular miRNA levels. The ratio was calculated using miRNA normalised to 

housekeeping miRNA. COPD and healthy samples were combined to increase the number of 

replicates. Given miR-155 was not detected in uninfected samples it was not possible to complete 

the analyses in these samples. In samples obtained from IAV infected PBEC the median ratio of EV 

miR-155 to cellular miR-155 was 0.6 whereas the median ratio of non-EV miR-155 to cellular miR-

155 was 9.2 suggesting miR-155 to be enriched in the non-EV extracellular space compared to EVs 

(Figure 4.10).  Furthermore, there was significantly higher levels of miR-146a in the non-EV samples 

compared to EV samples cells in uninfected PBEC and IAV infected PBEC. The medium ratio of miR-7 

was 1 and 0.7 respectively for EVs and non-EVs in uninfected PBECs and 1.7 and 1.3 respectively for 

EVs and non-EVs in infected PBECs suggesting no extracellular enrichment. Enrichment of miR-378a 

in non-EV samples was observed for both uninfected (median 3.7) and IAV infected (median 3.7) 

PBEC. Lastly miR-505 was the most enriched EV miRNA with cell ratio of 13.0 and 12.8 in uninfected 

and IAV infected samples respectively. A greater number of PBEC samples are required to 

meaningfully compare possible differences between healthy and COPD EV miRNA expression.  

 

Figure 4.10 Relative abundance of extracellular and cellular miRNA 

A) EV to cell ratio or non-EV to cell ratio of the relative level of miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-

3p and miR-505-5p compared to miR-26b-5p. Samples from PBECs uninfected or IAV infected at TCID50 of 3.6 x 

106 for 24 hours. Normality determined by Shapiro-Wilk test. Non-parametric data displayed with medium and 

analysed using Wilcoxon test. *=P<0.05, **=P<0.01 
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4.5 Discussion  

The presence of RNAs, including miRNAs, within EVs was published 15 years ago (119). Since then 

studies have demonstrated EV miRNA, released from cells in vitro or obtained from biofluids, are 

altered in response to a range of stimuli including viral infection (161,227). Furthermore it is now 

widely accepted that miRNA are transferred by EVs and can induce functional effects in a recipient 

cell (228). This chapter addresses the aim of completing small RNA sequencing to characterise 

miRNA cargo of EVs released from ALI cultured bronchial epithelial cell line in response to infection 

with IAV.  To our knowledge, this is the first study to complete small RNA sequencing of EVs released 

from IAV infected bronchial epithelial cells cultured at ALI.  Specific EV miRNA signatures hold the 

potential for being used as disease biomarkers and may provide novel targets for underlying 

pathological mechanisms. 

Analysis of EVs released from the apical face of BCi revealed the RNA composition to be on average 

32% miRNAs. Other predominant RNA biotypes were lncRNAs (26%) and protein coding RNA (23%). 

On the other hand, a low percentage of piRNA were detected (3%). This is comparable to previous 

literature. Another study that investigated EVs released from the apical face of bronchial epithelial 

cells reported a high proportion of miRNA (37%) and lncRNA (33%) but a low abundance of piRNA 

(1%) (229). The proportion of RNA biotypes was not significantly altered in response to IAV except 

for miscRNA. An increase in miscRNA that include RNA types such as Y-RNA and Vault RNA was 

detected for EVs released from IAV infected BCi. These RNA types have been found to be enriched in 

EVs and modulated in response to range of immune-related stimuli (230,231). However the biotype 

and function of these miscRNA was outside the scope of the research and therefore was not further 

investigated in this thesis.  

Analyses of the sequencing data, mapped to miRBase, found that IAV infection significantly impacts 

the miRNA EV profile of ALI BCi. A logFC > 0.6 or logFC < -0.6 cut-off was applied to identify miRNA 

altered above the minimal level of change of miRNA previously reported to have a significant impact 

on the biology of the cell (226). This revealed 5 miRNAs to be upregulated in EVs of IAV infected BCi 

with logFC > 0.6 (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p) and 1 

downregulated with logFC < -0.6 (miR-505-5p). Overall, the levels of fold change observed in this 

chapter were relatively low. Only three of these miRNAs had a logFC > 1 (miR-155-5p and miR-122-

5p) or logFC < -1 (miR-505-5p). However, these three miRNAs were also only present at low levels 

with an average CPM <100.  This may be due to the low infectious dose used in this study. A recent 

study reported altered EV microRNA with LogFC > 1 or < -1 from A549 human epithelial lung cells in 

response to influenza A/H1N1pdm09 infection (232). They showed that the expression levels of five 
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EV miRNAs (hsa-miR-572, hsa-miR-141, hsa-miR-196b, hsa-miR-24, hsa-miR-483) to be significantly 

up-regulated and five EV miRNAs (hsa-miR-194, hsa-let-7d, hsa-miR-361, hsa-miR-223, hsa-miR- 671-

3p) to be significantly down-regulated in influenza virus-infected group as compared with control. 

There does not seem to be any overlap in miRNA detected in this previous study and this thesis. 

However, these differences can be attributed to the use of a different epithelial cell model and EV 

isolation techniques including the use of a different cell type and isolation of EVs from submerged 

cell conditioned media using CD63 Isolation/Detection Reagent. This highlights the sensitivity of the 

EV miRNA profile to different in vitro models and the importance of validating these findings in vivo.  

Sequencing identified miR-122 as the miRNA with the greatest fold change in response to IAV. Other 

studies have reported elevated levels of miR-122-5p in EVs in response to Hepatitis C virus and 

suggested it plays a key role in HCV replication and lymphocytes’ activation (233). However, miR-122 

was present at very low levels in BCi and PBEC cells and EVs. This aligns with other research that 

have reported miR-122 to be predominantly detected in the liver (234). Interestingly other miRNA 

found in this thesis to be altered in EVs in response to IAV, including miR-146a and miR-378a-3p, 

were also found to be enriched in EVs of HCV patients. The study suggested the shared common 

targets of these miRNA to have key roles in immune response and were markedly reduced following 

antiviral therapy (233).  

The second most increased miRNA in EVs in response to IAV identified in this chapter was miR-155. 

This miRNA was observed to be dramatically increased extracellularly in EVs and non-EV samples as 

well as within the cells 48 hpi. Therefore, the increase in EV miRNA may be attributed to cellular 

increase rather than EV specific mechanism. An increase in cellular and EV miR-155 has been 

previously shown to be induced by IAV as well as in response to a wide range of other viruses such 

as RV and other non-viral stimuli observed in the lung including cigarette smoke and hypoxia (235–

238).  Furthermore miR-155 has been widely reported as a multifunctional miRNA enriched in cells 

of the immune system with a role in regulating a variety of biological processes including cell 

proliferation, apoptosis, inflammation and cell development (239). Given that miR-155 has been 

described as critical for immune regulation its presence may suggest that epithelial EVs release miR-

155 in EVs as an immune regulatory signals (199). On the other hand, increased expression of 

microRNA-155-5p by alveolar type II (ATII) cells but not immune cells has been shown to contribute 

to the development of lethal acute respiratory distress syndrome (ARDS) in H1N1 IAV-infected mice 

without affecting viral replication (235). Some of the other miRNA identified from analysis of 

sequencing data, such as miR-378a and miR-7 have also been associated with regulating damage and 

cell death.  One study reported miR-7-5p as a tumour suppressor, participates in various biological 
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processes including cell proliferation and apoptosis regulation by repressing expression of specific 

oncogenic target genes including through inhibiting the ability of DNA damage repair (240). In 

addition macrophage-derived EVs enriched in miR-378a-3p have been shown to regulate cell death 

by blocking activation of the NLRP3/Caspase-1/GSDMD pathways in cardiomyocytes after 

myocardial infarction (241). As observed for miR-155, an increase in cellular and EV miR-7 in 

response to IAV was validated by qPCR in this chapter. However, while miR-155 appeared to be 

enriched in the non-EV samples, the levels of miR-7 were comparable between the EV and non-EV 

samples. Changes in the level of miR-378a were not validated in BCi EVs or cells by qPCR and only 

showed a slight trend of increasing in IAV infected PBECs. Further work is required to determine the 

function of EV miRNA and if it varies depending on the cellular source and target.  

The results of this chapter also showed miR-146a to be the most abundant miRNA altered in 

response to IAV. Indeed, previous studies have shown miR-146a to be abundantly expressed in 

various mammalian cell types and play a role in inflammation, differentiation, and function of 

adaptive and innate immune cells. Downregulation of miR-146a has been suggested to inhibit IAV 

replication by enhancing the type I interferon response in vitro using A549 cells lung epithelial cells 

(242). Furthermore, the authors reported inhibition of miR-146a alleviated IAV-induced mice lung 

injury and increased survival rates by promoting type I antiviral activities (242). The results of this 

thesis suggest a low increase of miR-146 in EVs but not cells in response to IAV. Based on the 

functional results of previous studies it may be miR-146a EVs act to dampen the anti-viral immune 

response. However, this requires further investigation.  

The top 10 most abundant EV miRNA were shared between uninfected and IAV infected EVs. These 

included let-7a-5p, let-7b-5p, miR-16-5p, miR-449a, miR-21-5p, miR-141-3p, miR-191-5p, let-7f-5p, -

miR-200c-3p and miR-200a-3p. Furthermore, they make up around 60% of all miRNA reads. This 

supports previous studies that have shown, a small number (<20) of miRNAs accounts for > 80% of 

all cellular miRNAs (243). The majority of abundant miRNA, defined as miRNA present in levels of 

more than 3 SD above average, were not significantly altered with IAV infection. The exception being 

miR-103a-3p, miR-191-5p and miR-146a-5p. These miRNAs had a very small log2 fold change of 0.4, 

0.5 and 0.8 respectively. However, given the abundance of these miRNAs, even a small change may 

have a significant impact on target protein levels.   

The miRNA found to be abundant in EVs in this thesis have also been widely detected in lung 

samples and EVs in previous literature. Multiple members of the highly conserved let-7 miRNA 

family were shown to be highly abundant lung miRNAs (244). Furthermore miR-16 is abundantly 

expressed in across many sample types and is therefore frequently used as a normalisation factor for 
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miRNA studies (245). Studies have shown let-7 and miR-21 are thought to have a proinflammatory 

role in allergic lung disease (244,246). However, the function of the most abundant EV miRNA were 

not investigated for purpose of this study.   

COPD causes significant morbidity and mortality worldwide (247).  It is a major social and economic 

burden with patients typically having impaired quality of life that deteriorates considerably with 

exacerbation frequency (248). COPD exacerbations are associated with increased airway 

inflammation usually triggered by bacterial and viral infections (249). Recognition of the importance 

of viral infection in COPD exacerbations has increased over recent years due to the development of 

technology for the detection of respiratory viruses (250). A recent study showed the prevalence of 

viral infection was 28.1% in hospitalised patients (249). Exacerbations triggered by viral infections 

are usually associated with hypersusceptibility of greater airway inflammatory response, more 

severe symptoms, and delayed recovery compared to those without viral infections (152). However, 

the underlying molecular mechanisms of the hypersusceptibility of airway inflammatory response 

induced by IAV in COPD patients remain unclear. EVs have been identified as a novel mechanism of 

intercellular signalling involved in COPD pathogenesis (215). Burke et al recently reported altered 

profile of miRNA from EVs isolated from BALF of 20 patients with COPD compared to 15 well-

matched healthy ex-smokers (176).  

Furthermore, EV miRNA are altered following exposure to noxious stimuli that are a risk factor for 

COPD such as ambient particulate matter <2.5 µm (PM2.5). Oxidative stress in PM2.5-stimulated 

bronchial epithelial cells has been shown to be regulated by miR-155/ forkhead box class O3a 

(FOXO3a) pathway. In vitro transfection of miR-155 mimic into Beas-2B epithelial cells significantly 

decreased FOXO3a protein expression, accompanied by the reduced superoxide dismutase 2 (SOD2) 

and catalase expressions, promoting PM2.5-evoked oxidative stress (251).   

In addition, a number of miRNA investigated in this thesis have been reported to be altered in COPD 

patients. A study screening serum miRNAs for as potential  biomarkers for COPD reported 

upregulation of miR-7 (252). Serum levels of miR-146a have been shown to be down regulated in 

AECOPD patients compared with stable COPD patients and healthy controls (253). Furthermore, in 

AECOPD patients, levels of miR-146a in AECOPD patients have been negatively associated with 

inflammatory cytokines including TNF-α, IL-6 and IL-8 expression. Another study demonstrated 

increased miR-155 expression by RT-qPCR in lung tissue of smokers without airflow limitation and 

patients with COPD compared to never smokers (237). Differences in EV or cellular miR-155, miR-

146a, miR-378a, miR-7 and miR-505 were not detected in this thesis between healthy and COPD 

PBECs. Though further studies using larger sample sizes are required to determine the statistical 
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significance. The cellular origin and stimuli resulting in changes in the level of miRNA in COPD 

requires further investigation. 

This chapter also investigated whether changes in EV miRNA in response to IAV were altered in 

COPD epithelial cells compared to healthy epithelial cells. It was observed that changes in EV miRNA 

were dysregulated in COPD epithelial cells in response to IAV.  A lower miR-155 EV response was 

observed for COPD PBECs compared to healthy PBECs. Furthermore, miR-146, miR-378 or miR-7 

appeared to increase in EVs in healthy PBECs in response to IAV but this increase was not observed 

for COPD PBECs. These observations may suggest a potential mechanism for immune dysfunction 

that is observed in COPD resulting in increased susceptibility to infection. However, these changes 

require validation using larger sample size to enable analyses of statistical significance. 

There is accumulating evidence that ageing induces a state of chronic inflammation and immune 

dysfunction that may simultaneously contribute to the development of multiple age-related chronic 

diseases such as COPD (254–256). Infected patients who are older have higher risks of developing 

severe complications and higher mortality from influenza. Interestingly, the PBEC isolated from the 

over 65 age group displayed a lower level of IAV infection and lower immune gene expression in 

response compared to 41-65 age group. Furthermore, elevated levels of EV miR-146a and miR-378 

were observed in PBEC of the over 65 patient group in the uninfected samples compared to 41-65 

age group. In addition, an increase in miR-7 in response to IAV was observed for the 41-65 age 

patient group but not the over 65 patient group. One recent study identified four miRNAs (miR-7-5p, 

miR-24-3p, miR-145-5p and miR-223-3p) that were downregulated in elderly people and associated 

with anti-viral response to SARS-CoV-2 (257).  In addition, they showed that EVs from the serum of 

young people can significantly inhibit SARS-CoV-2 infection and reduce viral load. These observations 

suggest EV miRNA altered with age may contribute to altered immune response and may be useful 

in the development of therapeutics. However, these observations require further investigation in a 

larger cohort that can separate patients based on age and disease status.  

Variation in the EV miRNA vs cell miRNA ratio reported in this chapter supports mechanisms 

involved in selective miRNA packaging into EVs (258). In addition, the results suggest that much of 

the extracellular miRNA may not be associated with EVs. Indeed previous studies have suggested 

extracellular miRNAs are in the most part by-products of dead cells that remain in extracellular 

space (259). However, alterations observed in EV miRNA in response to IAV were not always 

reflected in non-vesicular miRNA suggesting potential function of EV miRNA over non-vesicular 

miRNA. The mechanisms behind EV miRNA packaging are complex and still under investigation. The 

potential mechanisms for miRNA packaging were not investigated as part of this study.  
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4.6 Summary 

The COVID-19 pandemic has brought to the forefront the threat that viral pathogens present and 

the challenges of developing effective countermeasures. The study of EV miRNAs during IAV 

infection will help to further understand the mechanisms of virus-host interactions. RNA sequencing 

of EV miRNA released from IAV infected BCi compared to uninfected BCi revealed 5 miRNA to be 

upregulated with logFC > 0.6 (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p) and 1 

downregulated with logFC < -0.6 (miR-505-5p). These miRNAs may present potential biomarkers of 

IAV infection or therapeutic targets however this requires further research. Furthermore, the results 

of this chapter suggest regulation of EV miRNA in response to IAV may be dysregulated in COPD or 

due to ageing as summarised in Table 4.2.  
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 Summary of miRNA Results - IAV infected epithelial cells vs Uninfected epithelial cells 

miRNA BCi EVs - Sequencing BCi EVs and Cells - qPCR PBEC EVs and Cells - qPCR 

miR-122 • Upregulated  • Not detected • Not detected 

miR-155 • Upregulated  
 

• Highly upregulated in EVs and 
cells in response to IAV  

• Upregulated in EVs and cells in response to IAV 
• Upregulated less in COPD PBEC EVs compared to healthy PBEC EVs in 

response to IAV 

miR-146a • Upregulated  • Lowly upregulated in EVs but 
not cells in response to IAV 

• Lowly upregulated in EVs but not cells in response to IAV 
• Upregulated in healthy PBEC EVs but not COPD PBEC EVs in response 

to IAV  
• Levels were higher in 66+ age group PBEC EVs compared to 41-65 age 

group PBEC EVs 

miR-7 • Upregulated  • Upregulated in EVs and cells in 
response to IAV 

• Upregulated in EVs and cells in response to IAV 
• Upregulated in healthy PBEC EVs but not COPD PBEC EVs in response 

to IAV  
• Upregulated in 41-65 age group PBEC EVs but not in 66+ age group 

PBEC EVs in response to IAV 

miR-378a • Upregulated  • No differences • Lowly upregulated in EVs but not cells in response to IAV 
• Upregulated in healthy PBEC EVs but not COPD PBEC EVs in response 

to IAV  
• Levels were higher in 66+ age group PBEC EVs compared to 41-65 age 

group PBEC EVs 

miR-505 • Downregulated  • No differences • No differences 

 

Table 4.2 Summary of miRNA results in Chapter 4 
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5 In silico functional analyses of microRNA altered in 

epithelial EVs in response to IAV 

5.1 Introduction 

The previous chapter addressed the aim of identifying and validating changes in the miRNA profile of 

bronchial epithelial cell EVs in response to IAV.  MiRNAs identified to be altered in IAV infected BCi 

EVs by logFC greater than 0.6 or less than -0.6 were miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-

5p, miR-378a-3p and miR-505-5p. However, understanding the impact of these miRNA on gene 

expression is key to understanding whether these differences have biological significance and 

relevance to disease pathology. 

Chapter 5 explores the interactions between the EV miRNA altered in response to IAV and their 

predicted gene targets.  Furthermore, investigates the function of these target genes. This was 

completed using the miRNA target protein analysis platform miRNet, which uses experimentally 

identified gene targets. miRNet allows visualisation of the well-established complexity of miRNA-

mRNA interactions given that a single miRNA can target multiple genes and one gene is often 

regulated by many miRNAs.  

5.2 Results 

5.2.1 Bioinformatic analyses of function of target genes of EV miRNA altered in response to IAV 

The results of the in silico analysis identified 2348 target genes for the six EV miRNA altered in 

response to IAV. The biological function of the identified gene targets was investigated using GO and 

KEGG pathway analysis (Figure 5.1). As shown in Figure 5.2A, the top significantly associated GO 

biological processes were ageing, response to UV, epidermal growth factor receptor signalling 

pathway and negative regulation of cell proliferation. From the network diagrams in Figure 5.2B it is 

apparent that the top biological processes were targeted by all the miRNA investigated. However, 

the genes identified to be involved in the ageing biological process were shown to be predominantly 

targeted by miR-155. On the other hand, genes involved in the response to UV were more evenly 

distributed between the miRNAs. Furthermore, there were some target genes that were shared 

amongst the top biological processes. These include genes involved in the apoptotic response to 

DNA damage such as, MSH2, MSH6, BCL2, TP53, PML, AURKB and CAT.  
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Given that the purpose of this research was to investigate the viral response and that cancer terms 

are over-represented in curated bioinformatic datasets, cancer terms were removed from analysis 

KEGG analyses (Figure 5.3A). Many of the top KEGG pathways observed were viral pathways 

including Hepatis C, Influenza A and Epstein-Barr. In addition, there were several KEGG pathways 

related to the immune response including T cell receptor signalling and toll-like receptor signalling. 

Furthermore, apoptosis appears in both the top KEGG pathways and GO biological process. Genes 

enriched in the top KEGG pathways were predominantly targeted by miR-155 and miR-7 (Figure 

5.3B). This can at least be partially attributed to the fact these miRNAs are more widely studied and 

therefore have more identified gene targets. 

The KEGG influenza pathway was significantly enriched for the predicted gene targets of miRNA 

altered in EVs in response to IAV.  Visualisation of the KEGG pathway using DAVID bioinformatic tool 

revealed that EV miRNA altered in response to IAV, target genes involved in a range of IAV related 

processes including the detection of IAV through pattern recognition receptors such as TLR4 and 

related downstream signalling cascade (Figure 5.4). In addition, many of the target gene were 

identified to be involved in the innate immune response to IAV such as IFN, NFKB, IL8, IL6 and genes 

involved in apoptosis such as CASP3, CASP9 and BAX. Other genes important for viral replication 

including viral protein export and nucleoplasmic transport such as Importin were also identified as 

targets of the EV miRNA altered in response to IAV.  While the Influenza A KEGG map is very useful 

for initial analysis and visualisation of miRNA targets associated with IAV infection it is in no way an 

exhaustive list of all genes regulated in response to IAV. 
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Figure 5.1 Gene network for EV miRNA altered in response to IAV 

Diagram of functional analyses steps of significantly different miRNA (miR-505-5p, miR-378a-3p, miR-7-5p, miR-146a-5p, miR-155-5p and miR-122-5p). Target genes were 

identified using miRTarBase v8.0. A network of all potential target genes were visualised and functionally analysed in miRNet.  

 

 

 

Genes: 2348 
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Figure 5.2 EV miRNA altered in response to IAV, target genes enriched in biological processes associated with ageing and response to UV  

A) Top ten GO biological processes associated with target genes based on miRNet analyses. C) Gene network of top two GO biological processes.  
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Figure 5.3 EV miRNA altered in response to IAV, target genes involved in viral response 

A) Top ten KEGG pathways associated with target genes based on miRNet analyses without cancer terms. B) Gene network of top two KEGG pathways excluding cancer 

terms. 
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Figure 5.4 Target genes associated with Influenza A KEGG pathway 

KEGG pathway analysis using DAVID bioinformatic tool with predicated target genes from miRNAs altered in 

EV in response to IAV. Green boxes with red star represent the potential genes targeted by selected miRNAs. 
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5.2.2 Reporter assay verified target genes of EV miRNA altered in response to IAV 

Reporter assays provide strong evidence to verify the interaction between miRNA and potential 

target genes. For example, luciferase reporter assays can be used to investigate the interaction of 

miRNA with 3’ UTR of a predicted target gene by cloning the 3’ UTR of mRNA into luciferase reporter 

constructs that generate light output from luciferase enzyme (260). By measuring the light released 

it is possible to determine the effect of miRNA on transcription.  To increase the confidence of the in 

silico functional analyses of miRNA target genes, the list of target genes for EV miRNA altered in 

response to IAV (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p and miR-505-5p) 

was reduced to those validated by reporter assays.  

The biological function of the gene targets validated by reporter assays were then investigated using 

GO and KEGG pathway analysis function of ToppFun platform (Figure 5.5). As shown in Figure 5.6A, 

the top significantly associated GO biological processes were positive regulation of developmental 

process, positive regulation of multicellular organismal process, immune system development, 

hematopoietic or lymphoid organ development and regulation of apoptotic process. The results 

show, genes targeted by miR-155 make up the largest proportion of the top GO biological processes 

again highlighting the potential bias towards miR-155 given that it has been widely studied. On the 

other hand, there were no target genes that have been verified by reporter assays for miR-505.  

Figure 5.5 Verified target genes for EV miRNA altered in response to IAV  

A) Diagram of functional analyses steps of significantly different miRNA (miR-505-5p, miR-378a-3p, miR-7-5p, 

miR-146a-5p, miR-155-5p and miR-122-5p). Reporter assay verified target genes were identified using 

miRTarBase v8.0. Functional analyses of strongly validated target genes was completed using ToppFun 

function of ToppGene.  

Genes: 365 
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Interestingly, as observed when investigating all the target genes in the previous section, hepatitis 

viral pathway appears as one of the top KEGG pathways (excluding cancer terms). Furthermore, 

genes in this pathway are predominantly targets of miR-155 and miR-7. Other top KEGG pathways 

were AGE-RAGE signalling pathway, TNF signalling pathway, signalling pathway regulating 

pluripotency of stem cells and PI3K-Akt signalling pathway. It was also observed that some of these 

target genes that have been validated are shared targets for more than one of the miRNAs altered in 

EVs in response to IAV. Visualisation of shared gene network in Figure 5.6B revealed several key cell 

signalling genes involved in cell development, immune response and apoptosis that are targeted by 

two or more the miRNA. 

Figure 5.6 EV miRNA altered in response to IAV have been verified to target genes involved in viral 

immune response 

A)  Top ten GO biological processes and KEGG pathways associated with validated target genes. B) Gene 

network of verified target genes regulated by two or more of the significantly different miRNA.  

B 

A 
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5.2.3 Function of upregulated EV miRNA in response to IAV 

There are a growing number of studies that suggest miRNA work cooperatively to regulate 

expression of a gene (261). Therefore, shared gene targets of the miRNA upregulated in EVs in 

response to IAV were investigated. This was completed in miRNet using all target genes identified by 

miRTarBase. Filters were then applied to select target genes associated with at least two miRNA or 

at least three miRNAs. The biological function of the gene targets was then investigated using GO 

and KEGG pathway analysis function (Figure 5.7A).  

The top significantly enriched biological process for genes targeted by at least two miRNA was 

wound healing and the top KEGG pathway was focal adhesion (Figure 5.7B). Focal adhesions are 

specialized structures in which many of the biological responses to external forces are originated. 

These large multiprotein complexes mechanically link the extracellular matrix to the cytoskeleton via 

integrin membrane receptors (262). Furthermore, miRNet identified 16 genes to be targeted by 

three or more of the upregulated miRNA (Figure 5.7C). Only one gene, EGFR, was targeted by 4 

miRNA and no genes were targeted by greater than 4 miRNA. EGFR regulates focal adhesion and 

cellular responses to the environment (263). Genes targeted by at least 3 miRNA were identified to 

be involved in functions such as response to stimulus and focal adhesion (Figure 5.7D).  



5 

102 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

A 

B 

 



5 

103 

  

 

 

 

Figure 5.7 EV miRNA upregulated in response to IAV have shared gene targets 

A) Diagram of functional analyses steps of significantly upregulated miRNA (miR-378a-3p, miR-7-5p, miR-146a-5p, miR-155-5p and miR-122-5p). Target genes were 

identified using miRTarBase v8.0. B)  Top GO biological processes and KEGG pathway associated with target genes based on miRNet analyses of genes targeted by at least 

two miRNA. C) Network of genes targeted by at least 3 miRNA. D) Top GO biological process and KEGG pathways based on miRNet analyses of genes targeted by at least 3 

miRNA.

 C D 
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5.3 Discussion  

Infected respiratory epithelial cells release EVs with pathological characteristics and have been 

proposed to participate in the immune response (264). The export and transfer of miRNAs via EVs 

has been suggested as a mechanism that can alter biological processes in recipient cells, thereby 

modulating disease (228). A single miRNA can regulate many genes within any individual cell via 

binding to the 3’ UTR of the target mRNA (105).  Previous studies report that miRNA play a role to 

fine-tune the immune response by targeting key regulatory molecules (265). This chapter addresses 

the aim of completing functional analyses of miRNA cargo of EVs released from ALI cultured 

bronchial epithelial cells in response to infection with IAV.   

Identifying which gene sets or pathways that particular miRNA regulate is a key question to address 

in functional miRNA studies. The miRNA network visualisation analytics platform, miRNet and miRNA 

target database, miRTarBase was used to explore experimentally validated target genes of EV miRNA 

altered in response to IAV (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p and miR-

505-5p). The results of the in silico analysis identified 2348 target genes for the six EV miRNA altered 

in response to IAV. The top three GO biological processes were ageing, response to UV and 

epidermal growth factor signalling pathway. These processes are all associated with damage and 

damage response which aligns with the observations in this thesis and other studies that IAV results 

in damage to the airway epithelium.  

Many of the genes associated with the top two biological functions identified for EV miRNA altered 

in response to IAV are related to the DNA damage response. Indeed the DNA damage response has 

been suggested to contribute to IAV associated damage is direct induction of DNA damage and 

altered regulation of DNA damage pathways (266). Genes, such as MSH2 and MSH6, that function in 

DNA mismatch repair were identified in the top biological processes reported in this chapter. 

Furthermore a number of caspase genes involved in regulating cell death were shown to be targeted 

by the EV miRNA identified in this thesis to be altered in response to IAV (267).  In addition, genes 

targeted by two or more of the miRNA increased in EVs in response to IAV were revealed to be 

associated with wound healing. Suggesting these EV miRNA may regulate events that restore 

integrity to a damaged tissue, following an injury. Though further work is required to investigate 

whether this would have a beneficial or negative impact on the host. The top KEGG pathway 

associated with genes targeted by more than one miRNA was focal adhesion. Studies have shown 

focal adhesion kinases to be important in wound healing process (268). This may support function of 

these miRNA in damage associated response to IAV. 
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As mentioned previously one of the top biological functions associated with the target genes of EV 

miRNA altered in response to IAV was the epidermal growth factor signalling pathway. Indeed, the 

gene identified to be targeted by the most EV miRNA in this chapter was EGFR. Network analyses 

revealed EGFR to be targeted by four of the EV miRNA upregulated in response to influenza, 

including miR-155, miR-122, miR-7 and miR-146a. EGFR activation has been described as a double-

edged sword in influenza infection. EGFR signalling has been shown to support tissue regrowth 

during respiratory infection (269). However, it has also been suggested to promote viral replication 

through increased virion uptake or suppression of cytokine expression (269). Therefore further work 

is required to understand the function of miRNA regulation of EGFR in response to IAV.  

In silico analyses also suggested EV miRNAs altered in response to IAV target genes involved in 

immune cell development and T cell signalling. The function of miRNA as key regulators of immune 

cell development and function has been widely suggested (270). In monocytes, macrophages and 

myeloid dendritic cells, miR-155 increases substantially following activation by a variety of 

inflammatory stimuli. In addition miR-155 plays a central role in regulating Akt-dependent 

polarization of macrophages (271). Furthermore, miR-155 is required for efficient CD4+ T cell 

activation during anti-viral defence (272). Further work is required to investigate if release of miR-

155 in EVs from IAV infected epithelial cells can mediate activation of immune cells such as 

macrophages in response to IAV. 

Strongly validated target genes shared by multiple miRNA altered in response to IAV include FADD, 

SOCS1 and NFKB. These gene have previously been shown to be involved in the viral immune 

response (273,274). IAV has been shown to activate FADD to drive apoptosis of infected cells and 

protects the host (273). FLNA was identified as a target of three of the EV miRNA identified in this 

thesis to be upregulated in response to IAV (miR-378a, mR-7 and miR-155). FLNA is an actin-binding 

protein previously shown to be involved in regulating multiple signalling pathways and involved in 

the IAV replication cycle (275). These results further suggest a function of EV miRNA in modulating 

the response to IAV. However, one major limitation of investigating the function of miRNA through 

in silico analyses is that validation of all miRNA targets still remains incomplete and in some cases 

biased towards most prevalent areas of research such as cancer. 

5.4 Summary 

A better understanding of IAV–host interaction is required for the development of sustainable and 

effective anti-influenza strategies. Many of the identified target genes of these miRNAs are involved 

in damage response, apoptosis and immune cell activation and differentiation pathways further 
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suggesting that these miRNAs are involved in immune response to IAV. Therefore, the EV miRNA 

identified in this study may be used to develop immune-modulating therapies that strengthen the 

host defences against influenza viruses and counteract immune dysfunction in ageing and COPD. 
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6 Functional analyses of microRNA altered in epithelial EVs 

in response to IAV 

6.1 Introduction 

To further understand the relationship between miRNA and response to IAV, this chapter reports 

the correlation of expression of viral RNA or anti-viral immune genes, and miRNA. In addition, given 

miR-155 was to most upregulated EV miRNA in response to IAV that could be detected by RT qPCR, 

the impact of transfection of miR-155 mimic and inhibitors on IAV infection of bronchial epithelial 

cells and immune response was investigated. 

6.2 Results 

6.2.1 Correlation of PBEC miRNA and immune gene expression 

To further investigate the immune function of EV miRNA altered in response to IAV the correlation 

of levels of miRNA with viral RNA or immune gene expression (CXCL10, IFNB1, ISG15 and SOCS1) was 

investigated. For this analyses healthy and COPD samples were combined.  In the infected PBEC 

samples the following significant correlation were observed for cellular miRNA: CXCL10 and miR-

146a, IFNB1 and miR-155 or miR-146a, ISG15 and miR-146a, SOCS1 and miR-7 or miR-505 (Figure 

6.1A). Similarly, the following significant correlations were observed for EV miRNA: CXCL10 and miR-

146a, IFNB1 and miR-146a, ISG15 and miR-146a (Figure 6.1B). Unlike cellular miRNA EV miR-7 

correlated significantly with viral RNA.  
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A                          IAV infected PBEC - Cell miRNA  

 miR-155-5p miR-146a-5p miR-7-5p miR-378a-3p miR-505-5p 

CXCL10 
r 0.7855  -0 .8612  0.3148  -0 .1076  0.2756  
p 0.0641  0.0276  0.5434  0.8392  0.5971  

IFNB1 
r 0.9495  -0 .9034  0.7115  -0 .1791  0.5497  
p 0.0038  0.0135  0.1128  0.7343  0.2585  

ISG15 
r 0.9622  -0 .8039  0.7322  -0 .2484  0.4611  
p 0.0021  0.0539  0.0979  0.6351  0.3573  

SOCS1 
r 0.7659  -0 .4784  0.8231  -0 .5893  0.8864  
p 0.0758  0.3371  0.0442  0.2183  0.0186  

Viral RNA 
r 0.3831  -0 .7937  0.1687  -0 .1912  0.6494  
p 0.4535  0.0595  0.7493  0.7168  0.1628  

B                            IAV infected PBEC - EV miRNA 

 miR-155-5p miR-146a-5p miR-7-5p miR-378a-3p miR-505-5p 

CXCL10 
r 0.03774  -0 .8902  0.6533  -0 .4349  0.44  
p 0.9434  0.0174  0.1595  0.3888  0.3826  

IFNB1 
r 0.5389  -0 .9556  0.7835  -0 .3902  0.2517  
p 0.2699  0.0029  0.0652  0.4444  0.6305  

ISG15 
r 0.5621  -0 .9268  0.5974  -0 .4349  -0 .02053  
p 0.2456  0.0078  0.2105  0.3888  0.9692  

SOCS1 
r 0.5833  -0 .6588  0.4687  -0 .2782  0.3273  
p 0.2242  0.1548  0.3484  0.5935  0.5266  

Viral RNA 
r 0.1227  -0 .6555  0.8215  -0 .4867  0.5737  
p 0.8169  0.1575  0.045  0.3276  0.2338  

Figure 6.1 Correlation observed between miRNA and viral RNA or anti-viral immune genes 

A) Table displaying Pearson correlation coefficient (r) and p-value (p) calculated for expression of cellular 

miRNA and immune gene expression or viral RNA levels for IAV infected PBEC (n=6). B) Table displaying Pearson 

correlation coefficient and p-value calculated for expression of EV miRNA and immune gene expression or viral 

RNA levels for IAV infected PBEC (n=6).  

6.3 Transfection of miR-155 mimic and inhibitor in BCi epithelial cells 

Given the time and resources available it was not possible to complete transfection experiments to 

further investigate the function of all the miRNA altered in EVs in response to IAV. miR-155 was 

chosen for transfection studies given it was the second highest upregulated EV miRNA in response to 

IAV. In addition, the most upregulated miRNA, miR-122 was not of a suitable abundance to be 

detected by RT-qPCR. A control mimic and inhibitor were used to ensure to control for non-specific 

changes in gene expression. Submerged BCi cells were transfected with 10nM of either miR-155 

mimic or inhibitor or control mimic or inhibitor for 48 h. Cells were then infected with IAV at MOI 0.3 

for a further 24 h. Transfection of miRNA mimics not only allows the investigation of target gene and 
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function of miR-155 in response to IAV but also simulates a situation in which miR-155 may be 

transferred in EVs to other cells. Successful transfection of miR-155 mimic was confirmed by the 

detection of significantly greater levels of miR-155 in the miR-155 mimic transfected samples (Figure 

6.2A).  Significant levels of viral RNA were detected in the control, miR-155 mimic and inhibitor 

samples. Significantly less viral RNA was detected for miR-155 mimic transfected samples compared 

to control mimic samples (Figure 6.2B).  

 

Figure 6.2 Successful infection and transfection of submerged BCi 

Submerged BCi transfected with 10 nM of either control mimic, miR-155 mimic, control inhibitor or miR-155 

inhibitor for 48 h. Then infected with IAV for 24 h. An uninfected control was also completed. The level of A) 

miR-155 or B) viral RNA was then detected via RT-qPCR. Normality determined by Shapiro-Wilk test. Paired t-

test *P<0.05, ***p<0.001 

6.4 Regulation of anti-viral immune genes following transfection with miR-

155 mimic 

As observed for ALI BCi, infection of submerged BCi with IAV at MOI 0.3 for 24 h resulted in 

increased level of expression of immune genes including CXCL10, IFNB1, SOCS1 and ISG15. 

Transfection of submerged BCi with miR-155 mimic resulted in a slight reduction of expression of 

CXCL10 in uninfected BCi (Figure 6.3A). In IAV infected BCi, miR-155 mimic transfection significantly 

reduced expression of immune genes including CXCL10, ISG15 and SOCS1 (Figure 6.3B). This 

experiment was also completed using RNA mimic with no lipofectamine to support these 
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observations were associated miRNA mimics being taken up into the cell and not with free miRNA 

mimics (Figure 6.3C-D). In these experiments no significant differences in expression of immune 

genes were observed.  

6.5 Regulation of anti-viral immune genes following transfection with miR-

155 inhibitor 

Transfection with miR-155 inhibitor induced a significant increase in the expression of CXCL10 in 

uninfected BCi (Figure 6.4). Furthermore, significantly lower levels of IFNB1 were detected in 

infected BCi. No changes in SOCS or ISG15 expression were observed following transfection with the 

miR-155 inhibitor. 
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Figure 6.3 Changes in anti-viral immune response on transfection with miR-155 mimic 

Submerged BCi transfected with 10 nM of either control mimic or miR-155 mimic plus lipofectamine for 48 hours and either A) uninfected or B) infected with IAV for 24 

hours. Submerged BCi transfected with 10 nM of either control mimic or miR-155 mimic without lipofectamine for 48 hours and either C) uninfected or D) infected with IAV 

for 24 hours. Gene expression was then detected via RT-qPCR. Normality determined by Shapiro-Wilk test. Non-parametric data displayed with medium and analysed using 

Wilcoxon test. *P<0.05, ***p<0.001
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Figure 6.4 Changes in anti-viral immune response on transfection with miR-155 inhibitor 

Submerged BCi transfected with 10 nM of either control inhibitor or miR-155 inhibitor plus lipofectamine for 48 

hours. Samples were the either A) uninfected or B) infected with IAV for 24 hours. Gene expression was then 

detected via RT-qPCR. Normality determined by Shapiro-Wilk test. Non-parametric data displayed with medium 

and analysed using Wilcoxon test *P<0.05 
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6.6 ALI transfection with miR-155 mimic  

Interestingly it was observed that miR-155 expression was significantly higher in submerged BCi 

epithelial cells compared to ALI cultured BCi epithelial cells (Figure 6.5A).  ALI BCi cells were 

transfected by applying 100 nM to apical and basal compartments for 4 hours. The following day ALI 

cells were then infected as described previously for 24h with IAV. Successful transfection of ALI was 

achieved as demonstrated by increased levels of miR-155 detected via qPCR (Figure 6.5B). However, 

no changes in level of viral RNA or immune response were detected between control mimic 

transfected cells and miR-155 mimic transfected cells (Figure 6.5C-D).  

 

 

Figure 6.5 Transfection of ALI cultured BCi with miR-155 inhibitor 

A) Cellular miR-155 in uninfected or infected submerged cultured BCi or ALI cultured BCi. ALI cultured BCi 

transfected with control mimic or miR-155 then either uninfected or infected with IAV. Level of C) viral RNA or 

D) immune gene expression. Gene expression was then detected via RT-qPCR. Normality determined by 

Shapiro-Wilk test. Non-parametric data displayed with medium and analysed using Wilcoxon test.  *P<0.05 
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6.7 Regulation of oxidative stress in epithelial cells following transfection 

with miR-155 mimic and inhibitor 

The results of this thesis suggest EV miRNA may function to regulate damage response to IAV. 

Recently in vitro transfection of miR-155 mimic into BEAS-2B cells was shown to significantly 

decrease FOXO3a protein expression, accompanied by the reduced SOD2 and catalase expressions, 

promoting oxidative stress (251). The expression of SOD2 was therefore investigated in this thesis in 

response to transfection with miR-155 mimic and inhibitor. The results suggest increased cell death 

and reduced level of SOD2 antioxidant 24 h following transfection with miR-155 mimic (Figure 6.6A-

B). However, following removal of transfection media and then completion of IAV infection 

experiment no significant difference in the level of cell death was observed (Figure 6.6C), although 

significantly reduced levels of antioxidant SOD2 was still observed in miR-155 mimic transfected 

samples for both uninfected and IAV infected cells (Figure 6.6D). No change in the expression of 

SOD2 was observed following transfection with the miR-155 inhibitor (Figure 6.6E).  
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Figure 6.6 Changes in cell death and antioxidant in response on transfection with miR-155 inhibitor 

A) LDH release or B) SOD2 expression of submerged BCi transfected with 10 nM of either control mimic or miR-

155 mimic for 24 hours. C) LDH release or D) SOD2 expression of submerged BCi transfected with 10 nM of 

either control mimic or miR-155 mimic for 48 hours the either uninfected or infected with IAV for 24 hours. D) 

LDH release or E) SOD2 expression of submerged BCi transfected with 10 nM of either control inhibitor or miR-

155 inhibitor for 48 hours the either uninfected or infected with IAV for 24 hours.  Gene expression was then 

detected via RT-qPCR. Normality determined by Shapiro-Wilk test. Non-parametric data displayed with medium 

and analysed using Wilcoxon test *P<0.05 
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6.8 Discussion  

Investigating the correlation of miRNA levels following infection with IAV and expression of anti-

viral genes revealed a positive significant correlation with miR-155 and IFNB1 or ISG15 but a 

negative correlation with miR-146a and IFNB1 or CXCL10. This aligns with previous literature that 

has suggested miR-155 and miR-146a form a combined positive and negative auto regulatory loop 

to control precise NF-κB activity during inflammatory stimuli. While miR-155 expression 

potentiates NF-κB, leading to both an overactive acute inflammatory response and chronic 

inflammation, miR-146a has been suggested as a slower response that mediates repression of NF-

κB activation (276). This may suggest these miRNAs are good markers of the status of the immune 

response.  However, it is not possible to distinguish if this correlation is due to regulation of 

immune genes by miRNA or is dependent on the pathways that regulate the levels of miRNA. 

The next step was to validate the miRNA-mRNA targets using a lipofectamine transfection system 

which can efficiently deliver miRNA mimics into in vitro cultured mammalian cells. It is a fast, easy, 

and economical way to gain insights into the functions of miRNAs. Furthermore, use of this agent 

provides a model for EV delivery machinery. Measurement of downstream target gene expression 

with RT-qPCR can be used to validate the predicted targets of the differentially expressed miRNA. 

Given the time and resources available it was not possible to complete transfection experiments 

to further investigate the function of all the miRNA altered in EVs in response to IAV. miR-155 was 

chosen for transfection studies given it was the second highest upregulated EV miRNA in response 

to IAV below miR-122 which was not of a suitable abundance to be detected by RT-qPCR. Previous 

literature suggests miR-155, upregulates IFN signalling downstream of IFNAR through repression 

of SOCS1, an ISG that limits IFNAR signal transduction. In macrophages, miR-155 was shown to 

target the SOCS1 3′ UTR, enhancing STAT1 phosphorylation and ISG expression while reducing 

viral replication (277). In this study transfection of BCi with miR-155 did result in a significant 

decrease in SOCS1 and viral RNA. However, unexpectedly a decrease in CXCL10 and ISG15 was 

also observed contradicting previous studies that have suggested miR-155 enhances ISG 

expression.  

A recent study suggested that although miR-155 is considered a pro-inflammatory mediator, it 

may also have anti-inflammatory effects. They found that miR-155 acted as an anti-inflammatory 

mediator in the initial stage of LPS-induced inflammatory response mainly through repressing 

TAB2 protein translation, and as a pro-inflammatory mediator by down-regulating SOCS1 in the 

later stages (278). In addition, miR-155-3p was shown to promote type I IFN production by 

inhibiting the negative regulator IRAK3, while miR-155-5p was shown to restrict type I IFN by 

targeting the positive regulator TAB2 (279). They suggested, miR-155-3p and miR-155-5p help to 
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ensure robust, early induction of IFN and inhibit prolonged, deleterious expression of this 

inflammatory cytokine. Furthermore other studies have shown expression of CXCL10 and CCL2 to 

be significantly decreased in macrophages when treated with EV miR-155 (280). Whether miR-155 

released from bronchial epithelial cells in EVs in response to IAV can regulate the immune 

response in neighbouring cells remains unclear and requires further investigation. Furthermore, 

future studies should investigate the effect of miR-155 mimic on protein expression and not just 

gene expression. In addition, other targets such as expression of other cytokines, such as IL-2, IL-

4, IL-6 and TNF regulated by SOCS1 should be investigated.   

Additionally, miR-155 overexpression has also been suggested to contribute to viral infection-

induced tissue damage. Using a mouse model of lung injury induced by influenza infection it was 

found that lung inflammation was significantly inhibited in miR-155 knockout mice (235). In a cell 

model, overexpression of miR-155 significantly aggravated LPS-induced lung epithelial cell 

damage and inflammatory factor production, while inhibition of miR-155 was resistant to LPS-

induced lung epithelial cell injury and inflammatory factor production (281). Recently in vitro 

transfection of miR-155 mimic into Beas-2B was shown to significantly decreased FOXO3a protein 

expression, accompanied by the reduced SOD2 and catalase (CAT) expressions, promoting PM2.5-

evoked oxidative stress (251). Furthermore hypoxia-induced miR-155 overexpression in 

extracellular vesicles has been shown to target FOXO3 (238). The results of this thesis support role 

of miR-155 in cell death and to reduce expression of SOD2 antioxidant.  

One of the major limitations with this study is that transient transfection of miRNA mimics can 

alter gene expression in a non-specific manner or fail to efficiently suppress target gene 

expression (282). Furthermore, given it has been estimated that mammalian cells often express 

100–200 different species of miRNAs with a total amount of 1–2 ×105 copies of mature miRNAs in 

a cell transient transfection of high concentrations of miRNA mimics into mammalian cells may 

not represent any mammalian miRNAs under physiological or pathological conditions (282,283).  

In this study efforts were made to reduce this limitation such as miRNA mimics were used at 10 

nM lower than the 25 or 100 nM that are commonly used. Another limitation of this study is that 

experiments were carried out in cell culture systems that cannot fully capture the spatial and 

physiological complexity of the whole respiratory tract. Therefore, further in vitro co-culture and 

in vivo studies are required. 

6.9 Summary 

The results of this chapter show a positive significant correlation with miR-155 and IFNB1 or ISG15 

but a negative correlation with miR-146a and IFNB1 or CXCL10. Furthermore, transfection of BCi 
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with miR-155 did result in a significant decrease in SOCS1 and viral RNA. However, unexpectedly a 

decrease in CXCL10 and ISG15 was also observed contradicting previous studies that have 

suggested miR-155 enhances ISG expression. In addition the results of this thesis support role of 

miR-155 in cell death and to reduce expression of SOD2 antioxidant. However there are 

limitations with transient transfection and therefore further functional studies are required.  
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7 Summary discussion and future work 

7.1 Overview 

Influenza has caused millions of deaths throughout history. Despite the development and 

implementation of strategies to combat influenza, such as the influenza vaccine, it continues to be 

one of the most common respiratory viruses. Lung epithelial cells are the primary target and first 

line of defence against influenza. The immune and inflammatory response to influenza must be 

tightly regulated to provide viral clearance but avoid excessive damage. EVs have been reported 

as biomarkers of the biological status of the cell as well as a mechanism for transferring immune 

and inflammatory signals through cellular cargo such miRNA (284,285). However, to date there 

have been no studies that fully characterise miRNA profile of EV released from bronchial epithelial 

cells in response to IAV. Given the role of miRNAs in modulating gene expression in disease they 

have recently been suggested as potential therapeutic targets by modulating expression using 

mimics or inhibitors.  

Thus, the primary aim of PhD was to understand the targets and functions of EV miRNA released 

from bronchial epithelial cells in response to IAV with the hypothesis being that the microRNA 

cargo of extracellular vesicles released from bronchial epithelial cells is altered following infection 

with IAV promoting the anti-viral immune response. 

In summary, the results of the sequencing completed in this thesis demonstrate 5 miRNA to be 

increased with logFC > 0.6 (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p) and 1 

decreased with logFC < -0.6 (miR-505-5p) in EVs released from ALI BCi in response to IAV. 

Validation of these miRNA with qPCR using both ALI cultured BCi and PBEC support an increase in 

miR-155, miR-146a, miR-7 and miR-378a in EVs in response to IAV. Furthermore, analyses of PBEC 

samples suggest changes in EV miRNA in response to IAV may be dysregulated as a result of COPD 

or ageing. Functional analyses of the target genes of miRNA altered in EVs in response to IAV were 

significantly enriched in the influenza A pathway. Furthermore, target genes were identified to be 

involved in pathways associated with damage response, apoptosis and immune cell activation and 

differentiation pathways. Therefore, the results of this thesis support the hypothesis that EV 

miRNA of bronchial epithelial cells are altered in response to IAV. Furthermore, the results 

support EV miRNA may have a function in modulating anti-viral immune response, however 

further studies are required to determine if the transfer of EV miRNA can modulate the anti-viral 

response to IAV.  

A summary of the aims addressed in this thesis are detailed below. 
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1) Establish air-liquid interface bronchial epithelial cell model for IAV infection and isolation of 

EVs  

To address the first aim of this study a suitable in vitro culture model was established for the 

characterisation of EVs released by bronchial epithelial cells.  

The human airway epithelium is composed of a variety of cell types including ciliated and 

secretory goblet cells. The majority of previous studies investigating infection with IAV use 

cancerous, submerged epithelial monolayer models whereas this thesis uses non-cancerous BCi 

bronchial epithelial cell line that when cultured under ALI differentiates into a pseudostratified 

layer and therefore more closely mimics in vivo infection conditions (122,127,197). Experiments 

were completed using BCi cells rather than primary bronchial epithelial cells due to the availability 

of primary cells during the COVID pandemic. To model EVs released in the lung, EVs were isolated 

from the apical air-exposed surface of ALI cultured BCi. Previous studies have demonstrated that 

ALI cultured epithelial cells release EVs into the apical secretions (286).  

Isolation of pure EV subpopulations remains a challenge and therefore it is important to 

characterise the isolated EV population according to ISEV guidelines. In this thesis a range of 

techniques were utilised to characterise the isolated EV population. Membrane bound vesicles 

with typical EV morphology were visualised with TEM (215). Analysis of protein markers using 

western blot and ExoView fluorescence imaging demonstrated a heterogenous population of 

small EVs with an average diameter of around 60 nm and the presence of CD9, CD63 and CD81 

tetraspanins that are commonly associated with EVs. In addition, similar EV characteristics 

between isolated and non-isolated EVs were observed using ExoView. Given Exoview combines EV 

capture and analysis, it does not require isolated samples. Therefore, it is a very useful tool 

especially considering a large amount of EVs are lost during the isolation process.  

CD9 was demonstrated to be the predominant tetraspanin. Interestingly out of the three 

tetraspanins CD63 had the least colocalisation. In particular, there was only a low level of 

colocalisation between CD63 and CD81. On the other hand, there were few CD81 positive only 

EVs with the majority of CD81 positive EVs also containing CD9. Other studies have reported 

changes in the EV population with infection. For example, HSV-1 infection causes major 

alterations in the biogenesis of EVs, including an increase in their number and an increase in the 

CD63-positive population of EVs. Furthermore, CD63 was shown to negatively impact infection 

and therefore the authors proposed the activation of antiviral responses in cells receiving CD63-

positive EVs released by infected cells (287). It would be interesting in future studies to complete 

ExoView characterisation of EVs from uninfected compared to IAV infected epithelial cells to 

identify changes in tetraspanin markers and EV biogenesis. It was not possible to use ExoView in 
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this thesis for EVs released in IAV infection as this technology was not available locally and 

therefore, the samples were sent to NanoView who did not accept infected samples.  

While it would have been interesting to investigate the presence of miRNA in EVs over different 

conditions of IAV infection, due to the costs associated with sequencing it was only possible to 

investigate one infection condition. IAV infection of epithelial cells has been widely shown to 

induce apoptosis or necrosis of airway epithelial cells (192). The results of this thesis support IAV 

results in epithelial cell death and disruption to barrier function. Previous studies have suggested 

substantial loss of ciliated cells as a result of infection with IAV (288).  However, it has also been 

suggested that basal cells can differentiate to compensate the loss of infected cells (288). The 

time points in this thesis were not long enough to investigate any potential recovery of damage 

following influenza. A low infectious dose with a 24 h infection period was chosen to minimise 

levels of cell death and the release of apoptotic bodies. However, it was not possible in this study 

to establish an infection model to ensure EV were released from living cells rather than apoptotic 

bodies released during cell death. Therefore, further work is required to investigate EVs released 

from living cells compared to dying cells in response to IAV.  

It was important that the culture conditions taken forward for sequencing demonstrated 

substantial activation of the innate immune response in epithelial cell following infection with 

IAV. The results of this thesis demonstrate an increase in IFNB1 expression and IFN-stimulated 

genes such as ISG15 which are the first line of defence against viral infection and CXCL10 which 

helps to inhibit viral replication through the recruitment of immune cells (54). Increased 

expression of these antiviral genes have been widely demonstrated in response to IAV (208). 

Infection of ALI cultured BCi with IAV at 3.6 x 106 IU/ml for 24 h was identified as the most 

suitable condition to take forward for EV miRNA-sequencing. This was because infection of ALI 

cultured BCi with IAV at 3.6 x 106 IU/ml induced a substantial increase in immune gene expression 

at 24 h without high levels of cell death and disruption to barrier function. Previous studies have 

shown significant differences in miRNA profile of EVs 24 hours after viral infection (161,164).   

2) Compare EV miRNA released from IAV  infected bronchial epithelial to non-infected control 

To address the second aim of this thesis, miRNA sequencing was completed to compare miRNA 

profiles of EVs released from uninfected compared to IAV infected bronchial epithelial cells. In 

total 13 significantly different EV miRNA with FDR of less than 0.01 were identified. Of these 13 

miRNAs, 5 miRNAs had a logFC > 0.6 (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-

3p) and 1 had logFC < -0.6 (miR-505-5p). Overall, the levels of fold change observed for these 

miRNAs were relatively low. Other studies have reported log2FC greater than 4 for EV miRNA 

released from epithelial cells in response to stimuli including viral infection and cigarette smoke 
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extract (161,289). This may be due to the low infectious dose used in this study. However several 

miRNA profiling studies have suggested even subtle changes in miRNA levels, can have a 

significant impact on the biology of the cell (290).  

This thesis demonstrated that the top 10 most abundant miRNA make up around 60% of all 

miRNA reads. This supports previous studies that have shown a small number (<20) of miRNAs 

accounts for > 80% of all cellular miRNAs (243). By determining the most abundant miRNA, 

defined as miRNA present in levels of more than 3 SD above average, we can see that the majority 

of abundant miRNA are not significantly altered with IAV infection. The exception being miR-103a-

3p, miR-191-5p and miR-146a-5p. These miRNAs had a very small log2FC of 0.4, 0.5 and 0.8 

respectively. However, given the abundance of these miRNAs, even a small change may have a 

significant impact on target protein levels.  On the other hand, miRNA of low abundance may 

require a higher fold change to translate into a measurable biological phenotype. For example, 

miR-155-5p is observed at lower abundance but has much greater fold change in response to IAV.  

Furthermore, even if EV are of too low abundance to have biological effect they shouldn’t be 

discounted as less abundant miRNAs may still serve as specific biomarkers for a disease.  

Analyses of changes of EV miRNA (miR-122-5p, miR-155-5p, miR-146a-5p, miR-7-5p, miR-378a-3p 

and miR-505-5p) in response to IAV was completed using RT-qPCR to verify the sequencing data. 

ALI cultured PBECs were also used to validate changes in EV miRNA. Overall, the changes in EV 

miRNA observed in BCi were also observed in PBEC cells supporting the use of BCi cells as a model 

for bronchial epithelial cells. Overall, the differences observed by RT-qPCR were smaller and less 

significant compared to sequencing. Furthermore, some miRNAs were below the detection limit 

of qPCR. This may suggest RT-qPCR used in this thesis had lower sensitivity and specificity. The 

expression of miR-122-5p was not detected by qPCR. Both BCi and PBEC ALI models support a 

strong significant increase of miR-155 in EVs. A small increase in EV miR-146a, miR-7 and miR-378 

was observed in PBEC EVs by qPCR. Furthermore, qPCR did not support change in miR-505 in EVs 

in response to IAV. 

The results of this thesis support presence of both EV and non-EV extracellular miRNA. For 

example, increased levels of miR-155 was observed in EVs as well as non-EV samples in response 

to IAV. Despite the fact miRNA is also present in the extracellular space not associated with EVs it 

is thought that EVs are relatively stable and protect miRNA from degradation due to the presence 

of extracellular RNases. Furthermore, in this thesis an increase in miR-146a, miR-7 and miR-378a 

was observed in PBEC EVs in response to IAV but not in non-EV samples. Previous studies have 

reported differences between non-EV and EV associated miRNA in biofluids in response to 

infectious diseases (120). This highlights the potential different function of EV miRNA as a 
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mechanism of intercellular communication and biomarker of disease compared to cell-free 

miRNA. 

Overall, the levels of EV miRNA were observed to largely reflect the cellular profile supporting, to 

at least some degree, that the level of EV miRNA is dependant of the level of cellular miRNA. 

However, on examination of the ratio of EV miRNA to cellular miRNA it does appear that some 

miRNA may be more preferentially packaged into EVs than others. For example, the relative level 

of miR-155, miR-7 and miR-378 was comparable between EVs and cells. On the other hand, the 

relative levels of mirR-146a and miR-505 were higher in EVs compared to cells, providing some 

support for the presence of a sorting mechanism. In addition, supporting the presence of a sorting 

mechanism is that while an increase in miR-146 and miR-378 was observed for PBEC EVs in 

response to IAV, no increase was observed on the cellular level. However, further studies are 

required to determine whether these miRNAs are selectively packaged into EVs and the potential 

mechanisms which may modulate this.  

3) Compare EV miRNA of healthy and COPD primary epithelial cells in response to IAV 

COPD exacerbations cause significant morbidity and mortality worldwide and are associated with 

increased airway inflammation usually triggered by bacterial and viral infections (249). As 

discussed previously COPD patients have been demonstrated to have a dysregulated immune 

response. Furthermore exacerbations triggered by viral infections are usually associated with 

hypersusceptibility of airway inflammatory response, more severe symptoms, and delayed 

recovery compared to those without viral infections (152). However, the underlying molecular 

mechanisms of the hypersusceptibility of airway inflammatory response induced by IAV in COPD 

patients remain unclear. 

Previous studies profiling of EVs from plasma have successfully identified markers of AECOPD 

exacerbation (291). This present study investigated whether changes in EV miRNA in response to 

IAV were altered in COPD epithelial cells compared to healthy epithelial cells. It was observed that 

changes in EV miRNA were dysregulated in COPD epithelial cells in response to IAV.  A lower miR-

155 EV response was observed for COPD. Furthermore, no increase in miR-146, miR-378 or miR-7 

response was observed. These observations may suggest a potential mechanism for immune 

dysfunction that is observed in COPD resulting in increased susceptibility to infection. However, 

these changes require validation using larger sample size to enable analyses of statistical 

significance and samples isolated from healthy and COPD patients to encompass all aspects of the 

clinical disease pathology.  
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Infected patients who are older have higher risks of developing severe complications and higher 

mortality from influenza. There is accumulating evidence that ageing induces a state of chronic 

inflammation, that may simultaneously contribute to the development of multiple age-related 

chronic diseases such as COPD, CVD and osteoporosis (254–256). This process, known as 

inflammaging, is characterised by significantly higher levels of circulating pro-inflammatory 

markers (254). Ageing has been shown to alter many of the miRNA investigated in this thesis 

(292). Interestingly, when grouping patients into 41-65 and over 65 age groups the results 

suggested differences in EV miRNA response. The levels of EV miR-146a and miR-378 were 

elevated in PBEC of the over 65 patient group in the uninfected samples. Furthermore, an 

increase in miR-7 was observed for the under 65 patient group but not the over 65 patient group. 

One recent study identified four miRNAs (miR-7-5p, miR-24-3p, miR-145-5p and miR-223-3p) that 

were downregulated in elderly people and associated with anti-viral response to SARS-CoV-2 

(257).  In addition, they showed that EVs from the serum of young people can significantly inhibit 

SARS-CoV-2 infection and reduce viral load. These observations suggest EV miRNA altered with 

age may contribute to altered immune response and may be useful in the development of 

therapeutics. However, these observations require further investigation in a larger cohort that can 

separate patients into under 65 healthy, under 65 COPD, over 65 healthy and over 65 COPD.  

4) Identify the biologically significant targets of these differentially expressed miRNA and 

validate these in-vitro  

Under physiological condition, respiratory cells and immune cells are thought to release 

protective EVs to defend against endogenous stress and maintain respiratory homeostasis. In 

response to noxious stimuli respiratory cells release EVs containing various cytokines, 

chemokines, miRNA, or proteins to transfer immune and inflammatory signals (161,162).  

Analyses of the genes targets of miRNA altered in response to IAV revealed the KEGG influenza A 

pathway to be significantly enriched. A range of processes were targeted. These include IFN and 

ISG that have been widely shown to play a key role in the anti-viral immune defence. Other 

cytokines and chemokines, such as IL-6 and IL-8 that are upregulated in response to IAV were also 

suggested as potential targets of miRNA altered in response to IAV (56). The miRNA also may 

target genes involved in processes such as viral protein export and nucleocytoplasmic transport 

that are important for viral replication. Strongly validated target genes shared by multiple miRNA 

altered in response to IAV include FADD, SOCS1 and NFKB that are involved in antiviral immune 

responses (273,274). Furthermore, IAV has been shown to activate FADD to drive apoptosis of 

infected cells and protects the host (273). Another target protein identified was FLNA, an actin-
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binding protein previously shown to be involved in regulating multiple signalling pathways and 

involved in the IAV replication cycle (275).  

Investigating the correlation of miRNA levels following infection with IAV and expression of anti-

viral genes revealed a positive significant correlation with miR-155 and IFNB1 or ISG15 but a 

negative correlation with miR-146a and IFNB1 or CXCL10. The function of EV miR-155 delivered 

locally to other epithelial cells as a paracrine mechanism was also investigated via transfection. 

Transfection of miR-155 mimic reduced expression of IFN stimulated genes. Therefore, the 

transfer of miR-155 via EVs may not be useful at priming other epithelial cells anti-viral immune 

response. The following significant correlation were observed for EV miRNA: CXCL10 and miR-

146a, IFNB1 and miR-146a, ISG15 and miR-146a, miR-7 and viral RNA. This may suggest these EV 

miR-146a as good marker of the status of the immune response or EV miR-7 as marker of level of 

viral infection.  

The inflammatory response plays an essential role in host defense and immune responses but can 

become a run-away cascade, which can cause collateral damage in tissues. Studies have reported 

that miR-155 expression correlates with pulmonary lung damage (235). In support of this, in this 

thesis the increase in miR-155 expression was higher at 48 h compared to 24 h. At this point 

destruction of tight junction and cell death was observed. It is not possible to say that miR-155 

directly promotes cell death at this point but it may suggest it is a good marker of tissue damage. 

A number of studies have suggested miR-155 deficiency protects epithelial cells from telomeric 

and genomic DNA damage in tissue injury (293). Another possible idea is that miR-155 was 

identified to be higher in basal monolayer epithelial cultures. Therefore, the increase in miR-155 

with infection may be related to the loss of ciliated cells and the attempt of the epithelium to 

replicate basal epithelial cells to repair the damage. 

In addition, miR-155 has been suggested to play a crucial role in the pathogenesis and severity of 

COVID-19 (294). Increased miR-155 expression level has been detected in COVID-19 patients 

compared to controls, in severe compared to moderate COVID-19 patients, and in non-survival 

compared to those COVID-19 patients who survived. miR-155 expression level also had significant 

correlations with clinicopathological characteristics of COVID-19 patients such as C-reactive 

protein (CRP), mortality, lymphocytes and neutrophils percentages (294).  Therefore, it may be 

miR-155 may be a useful marker of severity of viral infections. 

The top biological process associated with miRNA altered in response to IAV was ageing. The 

worldwide ageing population presents a major challenge for health care services given the  

prevalence of many chronic diseases dramatically increases with age (295,296). Cellular 

senescence, defined as irreversible cell cycle arrest, has also been suggested to contribute to 



7 

126 

inflammaging. This process is driven by a variety of mechanisms including the DNA damage 

response and age-related telomere attrition that activate the senescence-associated secretory 

phenotype (SASP) wherein cells release high levels of pro-inflammatory factors (297). Interestingly 

when separating EV miRNA based on age, we observed some significant differences. Though 

surprisingly miR-146 was show to be higher in our ageing population where as other studies have 

reported an age-related decline in miR-146 (298,299). Other studies have shown miR-7 up-

regulation in aged cells reduced the expression of EGFR protein via degradation of its mRNA, but 

it may also interact with the mRNA of downstream targets of the EGFR-dependent signaling 

pathway such as MAPK/ERK, CaMKII, Rho-GTPase, PI3K, Akt and mTOR that is important to wound 

healing (300). In support of this the top associated biological process with these miRNA target 

genes was ‘wound healing’.  

7.2 Translational impact of the study 

The findings of this study may have important applications for developing and designing further 

EV studies or therapeutics for influenza. The translational impact of this work is discussed below. 

To my knowledge, this is the first study to identify changes in miRNA in EVs from ALI 

differentiated bronchial epithelial cells in response to IAV. EVs have been identified as novel 

disease biomarkers given, they reflect the physiological state of the parent cells and as well as 

being highly stable in biofluids (301). EV miRNAs have been widely described as potential 

biomarkers. However, given this thesis investigates EVs released from lung epithelial cells it may 

be that the miRNA identified here are not very useful biomarkers. Biofluids such as plasma are 

more useful for identifying biomarkers as it can more easily be obtained compared to samples 

from the lung. Therefore, further work is required to see if changes in EV miRNA observed in this 

thesis are reflected in BALF and plasma samples of people with influenza. Furthermore, based on 

the functional analyses completed it seems unlikely that any of the miRNA detected in this thesis 

are specific markers of influenza, though potentially the relative combination of these miRNA may 

be useful markers to determine immune status and damage in response to IAV. Especially given 

that there was a significant correlation of immune genes and EV miRNA.  

Molecular engineering techniques have been employed to modify EV cargo for therapeutic use to 

deliver therapeutic molecules, including miRNA (302). EVs offer advantages over synthetic 

liposomes and nanovesicles that have had issues regarding biocompatibility and safety (303). EVs 

provide the ideal transportation method for therapeutic miRNA cargo given they protect miRNA 

from digestion and degradation whilst evading the host immune surveillance system due to their 

surface markers reflecting host cell origin.  Several previously published reports have 
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demonstrated the therapeutic effects of EV miRNA (including miR-146a) at alleviating lung injury 

using in vivo models of ARDS (304). Therefore, the modification of EVs to overexpress specific 

miRNAs may be useful for developing therapeutic treatments to reduce damage associated with 

viral infections. Therapeutic EVs can be engineered to display an affinity tag for efficient 

downstream purification to allow large-scale purification of engineered vesicles. This thesis 

identified EV miRNA altered in response to IAV to target genes involved in pathways associated 

with immune and damage response. Therefore, manipulation of these EV miRNA either with 

mimics or inhibitors could result in a significant impact on IAV pathological processes. 

Furthermore, given EV miRNA was suggested to be dysregulated with age and COPD they may be 

modulated to combat the immune dysfunction observed in ageing and COPD.  

7.3 Strengths and Limitations  

The strengths and limitations of this thesis have been discussed throughout. One of the major 

strengths is the use of ALI cultured differentiated BCi epithelial cells and primary epithelial cells 

from both healthy and COPD patients that more closely mimics in vivo infection conditions.   

However, a larger sample size of the primary PBECs would have been beneficial to increase the 

power of the results especially given the heterogeneity and complexity of COPD. Furthermore, 

future work to investigate if these changes in EV miRNA can be detected in vivo are required. EVs 

should be isolated from healthy and IAV patient biofluids. Preferably BAL fluid and serum though 

it may be challenging to obtain BAL fluid from influenza infected patients. These EVs may be 

separated based on parent cell type given EVs have been shown to contain proteins from parent 

cell type for example EPCAM and TSPAN8 have been described as epithelial cell EV markers (305). 

Another strength is that this study used small RNA sequencing to determine complete EV profile 

of small RNA. Though another limitation of the results in this thesis regarding investigating the 

function of EV miR155 using mimics is that potential targets were not investigated on the protein 

level. However, the results of this thesis provide a useful basis for more detailed functional 

studies. In addition, these miRNAs were investigated by qPCR in EVs as well as cellular and non-EV 

samples. This was important to determine if changes in miRNA in response were EV specific.    

A further limitation of this study is that EVs overlap in size to IAV and therefore are likely to be co-

isolated using isolation mechanism used in this study. This makes it particularly difficult to do 

functional characterisation of the EV miRNA cargo. Future studies potentially investigating other 

isolation methods for the separation of EVs or the use of neuraminidase inhibitors that prevent 

the release of viral particles from host cells, thereby halting the spread of infection may overcome 

this. Such investigations will be further discussed in the following section. 
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7.4 Future Work 

7.4.1 Investigation of EV transfer and uptake 

EVs have been suggested to transfer their cargo into target cells through direct fusion with the 

plasma membrane or endocytosis. When the EVs are taken up and internalised by the target cell, 

the contents of EVs are released into the cytoplasm of recipient cells through re-fusion with the 

plasma membrane. Using pharmacological inhibitors, it has been demonstrated that epithelial 

cells are exclusively dependent on the clathrin and caveolin dependent endocytotic pathway, 

whereas alveolar macrophage uptake may involve a significant phagocytic component (306). One 

of the major limitations of this thesis is that it did not demonstrate that EV miRNA released from 

bronchial epithelial cells can be taken up and have an effect on other cells. Therefor future work is 

required to validate transfer and uptake of the EV miRNA.  

Previous studies have used fluorescent membrane labelled EVs to investigate uptake of EVs by 

individual cells by flow cytometry and confocal microscopy (306). Joshi et al demonstrated that 

after endocytosis of green fluorescent protein labelled EVs into HEK293 cells, internalised EVs 

fused with the membrane of endosomes/lysosomes resulting in EV cargo exposure to the cell 

cytosol (307). Transfer should be considered to other epithelial cells but also to immune cells. 

Indeed miR-155 has been shown to contribute to macrophage polarisation. Therefore increased 

levels of miR-155 in EVs may be transferred to macrophages and lead to polarisation and 

recruitment of macrophages in influenza virus infection (308). Previous studies have created an in 

vitro system composed of primary alveolar macrophages and lung epithelial cells  (306). This co-

culture system enables exploration of the dynamics and mechanisms of EV-mediated 

communication between different types of cells from the lung. In a co-culture system it has been 

shown that substantial amounts of EVs are internalised by alveolar macrophages, but less by 

epithelial cells (306). However, upon increasing EV numbers, alveolar macrophages appeared to 

become saturated and unable to internalise any further EVs, while epithelial cells started taking 

up EVs to almost a similar extent as alveolar macrophages. This suggests there may be increased 

uptake efficiency of the epithelial cells at higher EV concentrations.  

7.4.2 Separation EVs and IAV 

Another of the major limitations of this study is that EVs and IAVs are of a similar size and 

therefore will be co-isolated by size exclusion chromatography. This impacts the ability to 

investigate transfer of EV miRNA given that isolated EVs could not be applied to uninfected cells 

given it would not be possible to determine if changes in the recipient cells were due to the EVs or 
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IAV particles. Given that IAV particles have been suggested not to contain EV marker CD63, a 

second step using CD63 antibody based immuno-magnetic isolation has previously been used to 

solve this (161). However, this will only select for a specific subset of EVs. Another study recently 

reported a two-step chromatographic purification method. In the first step, virus-like particles and 

extracellular vesicles were collected and separated from smaller impurities in a flow-through 

chromatography using a column packed with core-shell beads. The collected flow-through was 

further purified using heparin affinity chromatography based on binding ability of proteins at 

different salt concentrations (309). However, depending on their molecular makeup, it might not 

capture all EV populations due to the broad binding affinity of heparin to various proteins. 

Furthermore, the elution conditions need to be carefully optimised to balance efficient release 

and preserved biological activity of EVs.  

Another method that could be used to further investigate the transfer of EV miRNA is by adding a 

neuraminidase inhibitor, such as oseltamivir. Neuraminidase cleaves sialic acid residues on the 

surface of the infected cell which allows new virions to be released (310). Therefore, using a 

neuraminidase inhibitor would allow the isolation of EVs using SEC as described in this thesis 

without contamination with IAV. These isolated EVs could then be incubated with other 

uninfected cells to investigate changes in miRNA levels of the recipient cell and functional effect 

such as promotion of anti-viral response or damage associated response.  

7.4.3 Analyses of other EV cargo 

While the purpose of this thesis was to investigate EV miRNA, it will be important to consider a 

wide range of other EV cargo exists that may have a function in response to IAV. Studies 

investigating the multiple cargo types are required to get a better idea of the overall function of 

EVs in response to IAV and to identify if miRNA cargo are a major contributor to this function.  

For example, EVs have shown to carry MHC class I and MHC class II complexes that can stimulate 

CD4+ and CD8+ T cells directly as well as indirectly through an interaction with antigen-presenting 

cells. Peptide–MHC complexes of EVs attached or fused to APC surfaces may be directly presented 

to T cells or internalized where the peptide-MHC complexes can be degraded by the APCs and can 

be used as a source of peptides to indirectly interact with T cells. Single-EV microarray imaging 

technology from NanoView has been used previously to directly determine the MHC-I or MHCII 

level of EVs (334). EVs from patients with mild COVID-19 symptoms had higher levels of the MHC 

class II receptor, which is responsible for antigen presentation to CD4+ T helper cells (311). 

Furthermore, studies are required to determine if EVs transfer IAV fragments. EVs of mild COPD 
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patients have detectable SARS-CoV-2-S-derived fragments that may act to activate immune 

response in recipient cell (311).  

There are a wide number of studies that report the function of protein cargo of EVs (312). 

Previous studies completing proteomic characterisation of EVs released from human 

macrophages upon influenza infection revealed EVs can also directly transfer pro-inflammatory 

cytokines to target cells (111). Mass spectrometry has been widely used as a technique to profile 

the proteome of EVs (198).  Bottom-up proteomics approaches which involve the proteolytic 

digestion of proteins before mass spectrometry analysis have enabled the identification of 

thousands of proteins in EVs.  

7.5 Summary 

EV miRNA identified in this study may be used to develop immune-modulating therapies that 

strengthen the host defences against influenza viruses and reduce tissue damage associated with 

viral infections especially in those with immune dysfunction such as the elderly and COPD 

patients. However, this requires further research to determine efficiency of EV miRNA transfer 

and uptake as well as determining recipient cell type. In addition, further functional studies are 

required to validate function of these miRNA in IAV infection to ensure no deleterious effects are 

observed. 
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Appendix 

Unsupervised filtering was performed using the following code: 

counts <- read.csv(“miRNA_countsRAW.csv”,header = TRUE, row.name=1) 

Filter <- 5 

keep_tags <- rowSums(counts>10)>=Filter 

counts_filtered<-counts[keep_tags,] 

CPM<-cpm(counts_filtered) 

dim(counts) 

[1] 2632    10 

dim(counts_filtered) 

[1] 320   10 

Violin plots were generated in R (v 4.1.1) using the following code: 

cpm.log2<-cpm(counts, log=TRUE) 

log2.cpm.df <- as_tibble(cpm.log2) 

log2.cpm.df.melt <- melt(log2.cpm.df) 

Log2.cpm.df.melt <- as_tibble(log2.cpm.df.melt) 

 

par(cex=0.6,mar=c(5,10,10,15)) 

ggplot(Log2.cpm.df.melt, aes(x=variable, y=value, fill=variable)) + 

  geom_violin(trim = FALSE, show.legend = FALSE) + 

  ggtitle("Raw Violin Plot") + 

  xlab("Sample") + 

  ylab("log2CPM") + 

  stat_summary(fun = "median", geom = "point", shape = 95, size = 10, color = "black", show.legend = 

FALSE) + 

  theme_bw(base_size = 20) 
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The presence of outliers was further investigated using IQR/Median plots using the following 

code: 

Condition <-factor(Experimental_Design[,"Condition"],levels=c("Non_infected","Infected")) 

 

col.cell <- c("orange","blue")[Condition] 

 

IQR<-apply(CPM, 2, IQR) 

Median<-apply(CPM, 2, median) 

diff1<-mean(Median)-min(Median) 

diff2<-max(Median)-mean(Median) 

diff3<-mean(IQR)-min(IQR) 

diff4<-max(IQR)-mean(IQR) 

 

Xlim=c(mean(Median)-2*diff1,mean(Median)+2*diff2) 

Ylim=c(mean(IQR)-2*diff3,mean(IQR)+2*diff4) 

 

#  Make boxes for StDev. 

Median_mean<-mean(Median)   

c_sd1_mean<-sd(Median) 

c_sd2_mean<-2*sd(Median) 

c_sd3_mean<-3*sd(Median) 

IQR_mean<-mean(IQR) 

c_sd1_IQR<-sd(IQR) 

c_sd2_IQR<-2*sd(IQR) 

c_sd3_IQR<-3*sd(IQR) 

 

x0_c<-Median_mean-c_sd1_mean 

y0_c<-IQR_mean-c_sd1_IQR 
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x1_c<-Median_mean+c_sd1_mean 

y1_c<-IQR_mean+c_sd1_IQR 

 

x0_c.2<-Median_mean-c_sd2_mean 

y0_c.2<-IQR_mean-c_sd2_IQR 

x1_c.2<-Median_mean+c_sd2_mean 

y1_c.2<-IQR_mean+c_sd2_IQR 

 

x0_c.3<-Median_mean-c_sd3_mean 

y0_c.3<-IQR_mean-c_sd3_IQR 

x1_c.3<-Median_mean+c_sd3_mean 

y1_c.3<-IQR_mean+c_sd3_IQR 

 

plot(Median, IQR, main="IQR vs. Median TMM normaliztion CPM", type="n", xlim=Xlim,ylim=Ylim, 

col=col.cell) 

text(Median, IQR, labels=names(IQR),col=col.cell, cex=0.5) 

 

segments(x0_c,y0_c, x1=x1_c, y1=y0_c, col="blue") 

segments(x0_c,y0_c, x1=x0_c, y1=y1_c, col="blue") 

segments(x1_c,y0_c, x1=x1_c, y1=y1_c, col="blue") 

segments(x0_c,y1_c, x1=x1_c, y1=y1_c, col="blue") 

 

segments(x0_c.2,y0_c.2, x1=x1_c.2, y1=y0_c.2, col="red") 

segments(x0_c.2,y0_c.2, x1=x0_c.2, y1=y1_c.2, col="red") 

segments(x1_c.2,y0_c.2, x1=x1_c.2, y1=y1_c.2, col="red") 

segments(x0_c.2,y1_c.2, x1=x1_c.2, y1=y1_c.2, col="red") 

 

segments(x0_c.3,y0_c.3, x1=x1_c.3, y1=y0_c.3, col="green") 
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segments(x0_c.3,y0_c.3, x1=x0_c.3, y1=y1_c.3, col="green") 

segments(x1_c.3,y0_c.3, x1=x1_c.3, y1=y1_c.3, col="green") 

segments(x0_c.3,y1_c.3, x1=x1_c.3, y1=y1_c.3, col="green") 

The following code performs the TMM normalisation and generates a list of normalisation factors 

for each sample: 

design <-model.matrix(~Condition) 

eds<-DGEList(counts=counts_filtered,genes=rownames(counts_filtered)) 

eds<-calcNormFactors(eds,method="TMM") 

eds<-estimateDisp(eds,design) 

The PCA and plots were generated using the rgl package in R (v 3.8.2) using the function "prcomp" 

on the filtered CPM, using the following code: 

CPM<-cpm(eds) 

tCPM<-t(CPM) 

pca<-prcomp(tCPM) 

 

PC1<-pca$x[,1] 

PC2<-pca$x[,2] 

PC3<-pca$x[,3] 

PCA_details<-cbind(PC1,PC2,PC3) 

 

pca3d(pca, group=Condition, show.ellipses = TRUE, ellipse.ci=0.95, radius =4, axes.color = 

“mistyrose4”, palette=c(4,3), show.plane = FALSE, show.scale=FALSE, legend="topright") 

Differential expression analysis was completed using edgeR method using the following code:  

fit<-glmFit(eds, design) 

colnames(fit) 

lrt<-glmLRT(fit, coef=2) 

colnames(fit) 
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topTags(lrt) 

all_tags<-as.data.frame(topTags(lrt,n=nrow(eds))) 

#  Rename first column 

colnames(all_tags)[1]<-"Genes" 

#  Generate summary of differentially expressed gene count and give names.   

Summary<-summary(de <-decideTestsDGE(lrt)) 

rownames(Summary)<-c("Down-Regulated","Neither","Up-Regulated") 

colnames(Summary)<-"Gene_count" 

Summary 

o <- order(lrt$table$PValue) 

counts_per_M<-cpm(eds[o[1:length(o)],]) 

#  Merge everything into one object 

all_results_EDGER<-cbind(all_tags,counts_per_M) 

DE_results_EDGER<-all_results_EDGER[all_results_EDGER[,"FDR"]<=0.01,] 
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