
  

 

 

 

 

Using Genetics and Cell Models to 

Understand Virus-host Interactions in the 

Airways  

 

Thesis submitted to the University of Nottingham for the degree of Doctor of 

Philosophy 

September 2025 

 

Christina Shrees 

Student ID: 20312267 

 

Supervisors: Professor Ian Sayers, Dr Nicholas Hannan, Dr Alexander Tarr 

 

School of Medicine 

University of Nottingham 

 

 

 



  

Table of Contents 
 

Abstract .......................................................................................................... 1 

Acknowledgements ........................................................................................ 2 

Abbreviations ................................................................................................. 3 

1.0 Introduction .......................................................................................... 6 

1.1 The Respiratory System ....................................................................... 7 

1.1.1 The Bronchiolar Airway Epithelium ................................................. 9 

1.2 Respiratory Viruses ............................................................................ 13 

1.2.1 Rhinovirus .................................................................................... 21 

1.2.2 Respiratory Syncytial Virus ........................................................... 28 

1.2.3 SARS-CoV-2 ................................................................................ 36 

1.3 Host Genetic Factors Associated with Respiratory Viruses ................ 44 

1.3.1 Rhinovirus .................................................................................... 45 

1.3.2 RSV .............................................................................................. 47 

1.3.3 SARS-CoV-2 ................................................................................ 64 

1.3.4 Summary ...................................................................................... 76 

1.4 Modelling the Airway Epithelium to Study Host-Virus Interactions ...... 78 

1.4.1 Primary Cell Culture ..................................................................... 78 

1.4.2 Continuous Cell Lines ................................................................... 79 

1.4.3 Induced Pluripotent Stem Cells .................................................... 80 

1.5 Using Transcriptomics to Understand Host-Virus Interactions ............ 82 

1.6 Aims and Objectives ........................................................................... 84 

1.6.1 Overall Aim ................................................................................... 84 

1.6.2 Objectives ..................................................................................... 84 

2.0 Materials and Methods ........................................................................... 85 

2.1 Molecular Biology Methods ................................................................. 85 

2.1.1 Material and Reagents ................................................................. 85 

2.1.2 RNA Extraction ............................................................................. 87 

2.1.3 Quantification of RNA ................................................................... 88 



  

2.2 Cell Culture Methods .......................................................................... 89 

2.2.1 Materials and Reagents ................................................................ 89 

2.2.2 HBECs .......................................................................................... 93 

2.2.3 HEK293-T ..................................................................................... 97 

2.3 Viral Methods ...................................................................................... 98 

2.3.1 Propagation of RSV-A16 and RV-A16 .......................................... 98 

2.3.2 Determination of Multiplicity of infection (MOI) for Respiratory 

Syncytial Virus and Rhinovirus .............................................................. 99 

2.3.3 Infection of iPSCs and HBECs with RSV-A2 and RV-A16 ............ 99 

3.0. Translating Host-respiratory Virus Genetic Susceptibility and Severity 

Signals to Candidate Casual Genes and Pathways ................................... 100 

3.1 Introduction ....................................................................................... 100 

3.2 Aims and Objectives ......................................................................... 105 

3.3 Methods ............................................................................................ 106 

3.3.1 Literature Search of SNPs Associated with Host-Virus Interactions

 ............................................................................................................ 107 

3.3.2 Analysis of Signal-to-Gene Association ...................................... 109 

3.3.3 Analysis of PheWAS Using GeneATLAS UK Biobank Data ......... 111 

3.3.4 Analysis of Total and Single Cell RNA Expression in Lung Tissue

 ............................................................................................................. 111 

3.3.5 Analysis Using Ingenuity Pathway Analysis (IPA) ........................ 112 

3.3.6 Analysis of Drug Gene interaction ............................................... 112 

3.4 Results ............................................................................................... 113 

3.4.1 Analysis of Signal-to-Gene Association Identifies 6, 108 and 119 

Candidate Causal Genes Associated with Host-RV/ RSV/ SARS-CoV-2 

Interactions Respectively ..................................................................... 113 

3.4.2 Cell Type Specificity Was Observed Through Analysis of Single Cell 

RNA Expression in Lung Tissue .......................................................... 120 

3.4.3 Signals Show Association with Respiratory, Blood Cell Counts, 

Allergy, Inflammatory and Auto-immune Disorders .............................. 127 

3.4.4 IPA Analysis Identifies Pathways Associated with Host-Virus 

Interactions .......................................................................................... 133 



  

3.4.5 IPA Analysis Identifies Diseases and Functions Associated with Host-

Virus Interactions ................................................................................. 139 

3.4.6 Upstream Regulators of Genes Identified for Host-RV/RSV/SARS-

CoV-2 Interactions ............................................................................... 141 

3.4.7 Analysis of Gene-Drug Interaction and Clinical Trial Data Identifies 

Genes as Druggable Targets ............................................................... 143 

3.5 Discussion ........................................................................................ 144 

4.0 Using Transcriptomics to Study How Primary Human Epithelial Cells 

Respond to Prolonged Virus Infections ...................................................... 152 

4.1 Introduction ....................................................................................... 152 

4.2 Aims and Objectives ......................................................................... 156 

4.3 Methods and Materials ..................................................................... 157 

4.3.1 Viral Infection and RNA isolation ................................................ 157 

4.3.2 RNA-Seq Methods...................................................................... 158 

4.4 Results .............................................................................................. 161 

4.4.1 How Do Primary Human Epithelial Cells Respond To RSV-A2 and 

RVA-16 In Prolonged Infections?......................................................... 161 

4.4.2 What Are the Similarities and Differences in the Way Human 

Epithelial Cells Respond To Prolonged RSV-A2 and RVA-16 Infections?

 ............................................................................................................ 180 

4.4.3 Does The Viral Gene Signature Provide Support For Genes 

Supported By Genetics?...................................................................... 199 

4.5 Discussion ........................................................................................ 204 

5.0 Development of Induced Pluripotent Stem Cells and Human Bronchial 

Epithelial Cells-Derived Models of the Airway Epithelium to Investigate Host-

Virus Interactions ....................................................................................... 212 

5.1 Introduction ....................................................................................... 212 

5.1.1 Induced Pluripotent Stem Cells-Derived Airway Epithelium ........ 213 

5.1.2 Primary Cells-Derived Airway Epithelium ................................... 222 

5.1.3 Studying Host-Virus Interactions Using Cell Culture Models ...... 223 

5.2 Aims and Objectives ......................................................................... 225 



  

5.3 Methods and Materials ..................................................................... 226 

5.3.1 Molecular Biology Methods ........................................................ 226 

5.3.2 Cell Culture Methods .................................................................. 231 

5.3.3 Viral Methods.............................................................................. 247 

5.3.4 Immunohistochemistry Methods ................................................. 248 

5.3.5 Proteomic Methods ..................................................................... 251 

5.3.6 Statistical Analysis ...................................................................... 251 

5.4 Results .............................................................................................. 252 

5.4.1 LOPCK and REBL-PAT iPSCs Were Differentiated Into Stage 4 

Bronchial Lung Progenitor Cells .......................................................... 252 

5.4.2 D195307 HBECs Were Differentiated Into Mucociliary 

Pseudostratified Epithelium ................................................................. 259 

5.4.3 LOPCK and REBL-PAT iPSCs Were Unsuccessful in Forming a 

Mucociliary Pseudostratified Epithelium .............................................. 265 

5.4.4 Characterisation of LOPCK and REBL-PAT iPSCs at Different 

Stages of Differentiation ...................................................................... 266 

5.4.5 Investigating How Permissive iPSCs and HBECs Are To RSV-A2 At 

Various Stages Of Differentiation ......................................................... 274 

5.4.6 Comparison Between The Way Human Epithelial Cells Respond To 

RV, RSV and SARS-CoV-2 Infections in ALI-HBECs Model of the Airway 

Epithelium ............................................................................................ 286 

5.5 Discussion ........................................................................................ 294 

6.0 General Discussion .............................................................................. 301 

6.1 Aims and Objectives ......................................................................... 301 

6.2 Main Findings ................................................................................... 303 

6.3 Study Limitations .............................................................................. 308 

6.4 Future Work ...................................................................................... 310 

6.5 Final Conclusions ............................................................................. 312 

7.0 Bibliography ......................................................................................... 314 

 



 1 

Abstract 

Respiratory virus infections are a major cause of mortality and morbidity 

worldwide. It is important to investigate the genetic and molecular background 

underlying host-virus interactions. Identifying genes and pathways that may 

modify viral pathogenesis could facilitate the development of therapeutics to 

treat viral infections. Three approaches were used in the thesis to understand 

host-virus interactions: genomics, transcriptomics and cell models. Signal-to-

gene association analysis was conducted to translate genetic signals 

associated with susceptibility or severity to rhinovirus (RV), respiratory 

syncytial virus (RSV), and SARS-CoV-2 infection. 6, 108 and 119 candidate 

causal genes were identified for RV, RSV and SARS-CoV-2 respectively. IL6-, 

IL-AS1 and STEAP1B was found to overlap between the three viruses. 

Downstream analysis of the genes revealed that immunomodulatory pathways 

such as the Th1 signalling pathway may be particularly important for the three 

viruses. Drugs currently in Phase I, II and III of clinical trials which target the 

candidate causal genes were identified. Transcriptomics was utilised to 

investigate how human bronchial epithelial cells (HBECs) respond to 

prolonged RSV-A2 and RV-A16 infection. Cell cycle pathways were predicted 

to be activated upon prolonged RSV infection whereas inflammatory pathways 

were predicted to be downregulated. Keratinisation was the top pathway 

predicted to be activated whereas elastic fibre formation pathway was 

predicted to be downregulated in prolonged RV-A16 infection. To further 

understand host-virus interaction, induced pluripotent stem cell (iPSC) and 

HBEC air-liquid interface models of the airway epithelium were used to study 

RSV infection. Overall, these findings provide insight into genes and pathways 

important for host-virus susceptibility, and opportunities for development of 

therapeutics.  
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Abbreviations 
 

AFE  Anterior Foregut Epithelium 

ANOVA Analysis of Variance 

AOM  Acute Otitis Media 

ARS  Acute Rhinosinusitis 

cDNA  Complementary DNA 

CDHR3 Cadherin-related Family Member 3 

COPD  Chronic Obstructive Pulmonary Disease 

COVID-19 Coronavirus Disease 2019 

CT  Cycle Threshold 

DNA  Deoxyribose Nucleic Acid 

DE  Definitive Endoderm 

eQTL  Expression Quantitative Trait Loci 

FOXA2  Forkhead Box Protein A2 

FOXJ1 Forkhead Box Protein J1 

GWAS Genome Wide Association Studies   

HAdV  Human Adenovirus 

HBEC  Human Bronchial Epithelial Cells 

HBoV  Human Bocavirus 

HMPV  Human Metapneumovirus 

HPIV  Human Parainfluenza Viruses 

HSPG  Heparan Sulphate Proteoglycans 

ICAM-1 Intracellular Adhesion Molecule-1 

IFN  Interferon 



 4 

IL  Interleukin 

KRT5  Keratin 5 

LD  Linkage Disequilibrium 

LRI  Lower Respiratory Infection 

MUC5AC Mucin 5AC 

NF-κB Nuclear Factor Kappa-Light-Chain-Enhancer Of 

Activated B Cells 

NKX2.1 NK2 homeobox 1 

ORF  Open Reading Frames 

PCR  Polymerase Chain Reaction 

PNEC  Pulmonary Neuroendocrine Cells 

qPCR  Quantitative PCR 

RNA  Ribonucleic Acid 

RNA-Seq  RNA-Sequencing 

RSV  Respiratory Syncytial Virus 

RT-qPCR Reverse Transcription Quantitative PCR 

RVI  Respiratory Virus-induced Infection 

RV  Rhinovirus 

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 

SOX17 SRY-box 17 

SNP  Single Nucleotide Polymorphism 

TLR  Toll-like Receptors 

URI  Upper Respiratory Infection 

URTI  Upper Respiratory Tract Infection 

VPG  Viral Priming Protein 



 5 

WHO  World Health Organisation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 6 

1.0 Introduction 
 

Infections attributed to respiratory viruses are a major cause for mortality and 

morbidity worldwide. It has a lasting impact on healthcare, education, 

economy, and wellbeing of individuals suffering from infection. Therefore, it is 

vital to understand the molecular, genetic and transcriptomic basis 

underpinning host-virus interactions. This can facilitate identification of genes 

and pathways important during pathogenesis. The similarities and differences 

between respiratory viruses can also be examined by exploring their genetics, 

transcriptomics and cell biology via cell culture models of the bronchiolar 

airway epithelium. Furthermore, potential therapeutic strategies which can be 

applied across viruses can be developed. As new strains of viruses are 

constantly being discovered, sustained development of preventatives and anti-

viral therapeutics is vital. Utilising -omics based approach for drug discovery 

will drive innovation towards therapeutics to target respiratory viruses and 

enhance preparation for future pandemics.  
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1.1 The Respiratory System 

The primary role of the respiratory system is to facilitate gaseous exchange, 

but it also has critical function in the maintenance of the respiratory 

homeostasis1. To maintain this homeostasis, the airways perform various 

barrier functions2. The airways are lined with a mucosal layer which acts as a 

moisture barrier2. To limit excessive moisture loss during ventilation, the 

mucosal lining helps increase the air humidity in the upper airway2. 

Temperature barrier is exerted and is dependent on the body temperature. A 

rich lymphatic system lines the airways and acts as a barrier to infection2. This 

lymphatic system includes the mucosa-associated lymphoid tissue2. Moreover, 

macrophages circuit around the respiratory surfaces as an essential part of the 

air-blood barrier. The respiratory system is divided into two tracts: the upper 

respiratory tract consisting of the nose, nasal cavity, pharynx and the larynx, 

and the lower respiratory tract composed of the trachea, bronchi, bronchioles, 

alveolar duct, and alveoli3. An important role of the nasal cavity is to induce 

turbulent airflow of inspired air4. This helps infectious particles and debris to 

be deposited and entrapped before reaching the lung4. As a result, primary 

infection of respiratory viruses is typically established in the nasal epithelium4. 

Therefore, they serve as a dynamic, front-line defensive barrier4. Maximal 

deposition density is achieved by aerosolised viral particles in the nasal cavity 

where viruses initially replicate5. The viruses then spread to the lower airways 

where aspiration is mediated along a nasal/oral-lung aspiration axis4. 

Dissemination of the viruses to the lower airway is limited if an efficient innate 

immune response is induced4.  

The nasal and oral cavity is connected to the larynx and the oesophagus by a 

tube-like passage called the pharynx6. Located between the pharynx and the 

trachea, the larynx is an organ involved in phonation, breathing and protection 

of the trachea7. The trachea, which is composed of connective tissue, smooth 

muscle, cartilage, and mucosal layer, connects the larynx to the principal 

bronchi8. Some of the main functions of the trachea include air flow into the 

lungs, humidification of air and mucociliary clearance8. As an extension of the 

trachea, the bronchi serve as the main passageway into the lungs8. The 

trachea bifurcates into the bronchi and together they make up the 
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tracheobronchial tree of the lungs8. The airways of the bronchi branch out into 

three different types of bronchioles: conducting, terminal and respiratory with  

respiratory bronchioles giving rise to alveoli8. Alveoli are lined with a layer of 

surfactant producing pneumocyte2. Alveolar sacs bud from alveolar ducts, and 

they form clusters2. These alveoli clusters are connected by pores to allow 

equalisation of air pressure2. They form the air-blood barrier in conjunction with 

capillaries2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. The Respiratory System. The upper respiratory system is 

composed of the nose, nasal cavity, sinus, pharynx, larynx. The 

trachea, lung, bronchi, bronchioles, and alveoli make up the lower 

respiratory system. Diagram was created using BioRender with Ball et 

al as reference. 
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1.1.1 The Bronchiolar Airway Epithelium 

Lining the luminal surface of the tracheobronchial tree, the bronchial airway 

epithelium acts as a barrier to protect the lung stressors such as pathogens, 

toxic substances, and irritants9. Pseudostratified epithelium consisting of 

different specialised cells lines the proximal airway10. A physical barrier is 

maintained by intercellular adhesion complex whereas the tight junction 

proteins zonula occludens found in the apices of adjacent cells constrain 

diffusion of electrolytes and molecules11. The structural integrity of the airway 

epithelium is supported by desmosomes and gap junctions11. The bronchiolar 

airway epithelium also provides a plentiful source of arachidonic acid 

metabolites which aids the regulation of mucus secretion, smooth muscle tone, 

and release of neurotransmitters11. Multiple different epithelial cell types of the 

bronchiolar airway epithelium work in conjunction with the immune system to 

prevent stressors from infiltrating the submucosal compartment12. 

1.1.1.1 Basal Cells 

Basal cells present a cuboidal morphology and are distinguished by the 

expression of cytokeratin 5 and 14, and transformation-related protein 63 

(Trp63)1. They are attached to basement membrane via hemidesmosomes 

and they in turn promote the attachment of other superficial cells through 

hemidesmosomal complexes11. An essential component for the regeneration 

of the airway epithelium, basal cells remain relatively quiescent but become 

activated in response to injury9. They act as progenitor cells and are to 

differentiate into different epithelial cell types to sustain homeostasis following 

injury12. Basal cells then acquire damage-associated phenotypes required for 

the regeneration along with matrix metalloproteinases, mesenchymal cell-

associated vimentin, and cytokeratin 6, 13 and 14 for the formation of the 

barrier9. The restoration of the epithelium is facilitated by the ability of the basal 

cells to differentiate into specialised cell type such as ciliated, club and goblet 

cells1. 
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1.1.1.2 Ciliated Cells 

As the predominant cell type, ciliated cells make up 50% of all epithelial cells 

in the airways11. Ciliated cells possess hair-like projections on the apical 

surface called cilia. Cilia are composed of a microtubule scaffold called the 

axoneme where a central pair of singlet protofilaments is surrounded by a ring 

of nine doublet microtubule giving a ‘9 + 2+ structure13. The microtubule pairs 

own dynein arms that enable motility through ATP hydrolysis13. This facilitates 

mucociliary clearance where pathogens and debris are trapped and expelled 

to maintain the airway homeostasis1. Differentiation into ciliated cells is 

dictated by the absence of notch signalling where geminin coiled-coil domain-

containing Protein 1 (GEMC1) induces the expression of multiciliate 

differentiation and DNA synthesis associated cell cycle protein (MCIDAS)13. 

This then activated the expression of the transcription factor forkhead box 

protein J1 (FOXJ1) 1. FOXJ1 helps regulate the docking of basal bodies to the 

apical surface, cilia elongation and synthesis of motile components13. 

1.1.1.3 Goblet Cells 

Goblet cells are the primary mucus producing cells of the airway epithelium. 

The heavily glycosylated mucus consists of membrane-bound acidic-mucin 

granules which are secreted to trap foreign particles in the lumen of the 

airway11. Three classes of mucins exist in the airways: gel-forming mucins 5AC 

(MUC5AC) and MUC5B, cell surface associated mucins MUC1, MUC4, 

MUC16 and MUC20, and secreted mucins that do not polymerise such as 

MUC714. MUC5AC is predominantly expressed in the goblet cells whilst 

MUC5B is expressed in the submucosal glands12. The goblet cells mediate 

constitutive mucus secretion12. Whereas submucosal glands, which are 

controlled by autonomic innervation, can increase mucus production rapidly in 

response to stimulation12. The mucins can undergo modification at the 

epigenetic, transcriptional, post-transcription, and post-translational level to 

enable binding of mucins and clearance of pathogens14. Differentiation into 

goblet cells and production of mucus are activated by sam-pointed domain-

containing Ets-like factor (SPDEF) and forkhead box A3 (FOXA3)1.  
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1.1.1.4 Club Cells 

Club cells have an immunomodulatory role, and they contain membrane-

bound electron dense secretory granules15. These granules secrete club cell 

secretory protein (CCSP) which has an anti-inflammatory and anti-protease 

activity16. Club cells can also secrete surfactant proteins and anti-proteinases 

such as secretory leukocyte protease inhibitor to help protect the integrity of 

the bronchiolar epithelium15. In addition, club cells produce p450 mono-

oxygenase which metabolises xenobiotic compounds such as aromatic 

hydrocarbons found in cigarette smoke17. Furthermore, club cells serve as 

primary progenitors of ciliated cells13.  

 1.1.1.5 Brush Cells 

Brush cells are chemosensory epithelial cells which coordinate interaction with 

the external environment18. They share a close interaction with nerve fibres to 

mediate communication between the neuronal and immune pathways19. The 

cells have a pear/bottle shape with a wide base and a narrow apex with a tuft 

of blunt, squat apical microvilli which gives them a distinctive morphology20. 

The microvilli possess filaments which stretch into the underlying cytoplasm20. 

The function of brush cells is not fully understood21. However, it has been 

suggested that they have a role in virulence associated clearance and 

promoting mucociliary clearance by releasing acetylcholine21. 

1.1.1.6  Pulmonary Neuroendocrine Cells 

Pulmonary neuroendocrine cells (PNECs) are the first cell type to form and 

differentiate within the airway epithelium during lung development22. During 

the neonatal phase, the number of PNECs are at its peak22. The PNEC system 

represents the lung stem cell niche which is key to the regeneration of the 

airway epithelium during the postnasal phase23. PNECs are rare cells and 

there is approximately one PNEC per 2500 epithelial cells in a healthy 

individual17. PNECs have a pyramidal shape and are typically tall17. They also 

possess an apical microvilli and extend from the basal lamina of the 

epithelium17. Neural elements and smooth muscles interact with PNECs to 

mediate the regulatory properties and the bronchomotor and to maintain 

vascular tone24. In addition, PNECs secrete biogenic amines and peptides that 
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are important in airway function and foetal lung growth23. It has also been 

suggested that PNEC may act as hypoxia sensitive airway chemoreceptors 

and play a role in mediating localised epithelial cell growth and regeneration22.  

1.1.1.7 Ionocytes 

Pulmonary ionocytes account for 1-2% of human airway epithelial cells and 

are more enriched in cystic fibrosis transmembrane conductance regulator 

(CFTR) messenger ribonucleic acid (mRNA) than in any other airway cell 

type18. Through the combination of scRNA-seq and ‘pulse-seq’ where in vivo 

lineage was traced over three different time points, basal cells were found to 

be the primary source of ionocytes25. Moreover, further investigation of rare 

cell lineages using CRISPR-Cas9 knockout system showed that ionocytes and 

PNECs arise from POU domain class 2 transcription factor 3 (POU2F3)+ tuft-

like cells during differentiation26. Electrophysiological studies have shown 

positive correlation between the number of ionocytes and CFTR-mediated CL- 

secretion in human bronchial epithelial cells (HBECs)27. Ionocytes have shown 

to regulate airway surface liquid (ASL) in HBECs28. Furthermore, abnormal 

function of ionocytes and club cells contributes to dehydrated and acidic ASL 

in individuals with cystic fibrosis28. Despite their rarity, this shows the 

importance of ionocytes in mediating transepithelial Cl- secretion27.  

 

 

 

 

 

 

 

 

 

Figure 1-2. The Airway Epithelium. Schematic of the bronchiolar 

airway epithelium. The airway epithelium is a pseudostratified layer that 

has been differentiated to produce various specialised cells such as 

basal, ciliated, goblet, club, brush cells, PNEC and ionocytes. Diagram 

was created using BioRender with Davis et al as reference. 
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1.2 Respiratory Viruses 

Respiratory virus-induced infections (RVIs) are one of the major causes of 

mortality and morbidity globally and causes significant social and economic 

effect29. Rhinovirus (RV), respiratory syncytial virus (RSV), coronaviruses and 

influenza are some of the most common and important respiratory viruses30. 

In 2015, lower respiratory infections (LRIs) caused by respiratory viruses were 

estimated to be responsible for 2.74 million deaths worldwide31. Furthermore, 

704,000 deaths in children less than 5 years of age were attributed to LRIs31. 

LRIs resulted in 60.6 million disability-adjusted life-years globally31. However, 

only a few therapeutics against respiratory infections exist, therefore 

understanding the mechanisms behind pathogenesis and interaction between 

host and virus is important for respiratory disease modelling and the 

development of novel therapeutics. This section summarises an overview of 

the following respiratory viruses: human adenovirus (HAdVs), human 

bocavirus (HBoV), human metapneumovirus (HMPV) and human 

parainfluenza viruses (HPIV). A focused review on rhinovirus (RV), respiratory 

syncytial virus (RSV) and severe acute respiratory syndrome-corona virus 2 

(SARS-CoV-2) is detailed in Chapter 1.2.1. 

HAdVs comprises a  large group of  double-stranded deoxyribonucleic acid 

(dsDNA) viruses belonging to the Adenoviridae family32. HAdV are classified 

into 51 distinct serotypes and distributed across six species: A-F The virions 

are around 90 nm in size, non-enveloped with an icosahedral symmetry33. The 

capsid consists of three types of capsomere proteins : hexons, penton bases, 

and pento fibres34. The genome is linear, non-segmented dsDNA between 26-

46 kb pairs33.   Most human HAdVs gain entry by  using  the  coxsackie B and 

adenovirus receptor  whereas HAdV species B used CD4633.  During infection, 

HAdVs bind to a cellular receptor via the penton fibre. This interaction triggers 

endocytosis and exposes the virus to the cytosol. HAdV then associates with 

the microtubule network in the cytosol and is trafficked to the nucleus via the 

dynein motors. The final disassembly occurs at the nuclear pore where the 

remaining capsid proteins interact with the nuclear pore complex to deposit 

dsDNA genome into the nucleus33. A set of ‘early’ mRNAs are transcribed in 

the nucleus34. These mRNAs direct translation of proteins that facilitate cell 
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cycle and DNA replication and impedes apoptosis. Late mRNAs are 

transcribed to produce new viral proteins34. Viral particles are assembled in 

the nucleus and released through cell lysis. 

A wide spectrum of diseases is caused by HAdV infection however respiratory 

infections remain the most common especially in children under 5 years. 

Around 5-7% of paediatric respiratory tract infections were estimated to be 

attributed to HAdV globally in 201933. In 2009 however infections by serotypes 

1-3 and 5 accounted for 5-20% of URI and 5% of LRI cases in children34.  

Serotypes 1-7 and 21 are most frequently associated with respiratory 

diseases34. Infections by serotypes 1-3 and 5 accounted for 5-20% of URI and 

5% of LRI cases in children in 200934. HAdVs can also cause infections of the 

gastrointestinal tract and conjunctiva32. Although there is no clear seasonality 

in terms of HAdV infection, most epidemics tend to occur in winter or early 

spring32. Outbreaks often occur in small populations such as hospitals, and 

especially in military installations32. Serotypes 4 and 7 account for 6-16% 

attack rate per week in newly assembled military recruits34. Overall attack rates 

may reach up to 80% with 20-40% of individuals requiring hospitalisation34. 

During the summer in temperate climates, pharyngoconjunctival fever caused 

by serotypes 3 and 7 can be epidemic or endemic among children. Moreover, 

HAdV infection can result in epidemics of febrile respiratory illness, 

gastrointestinal and diarrheal illness, and keratoconjunctivitis32. Severe and 

disseminated HAdV infection rarely occurs in immunocompetent hosts but can 

occur in immunocompromised patients32. The primary management strategies 

for HAdV infection revolve around supportive care and reduction of 

immunosuppression when relevant35.  Currently, there is no specific routine 

anti-viral treatment for HAdV infection35. Broad-spectrum anti-virals such as 

ganciclovir, cidofovir, and ribavirin are instead used to treat severe infection35.  

HBoV is an autonomously replicating human parvovirus and belongs to the 

family Parvoviridae36. They are small single-stranded DNA viruses with a 

genome of 5-5.5 kb and a particle size from 18-26 nm33. The genome consists 

of three open reading frames (ORFs) with ORF1 and ORF2 encoding four non-

structural proteins (NS1-4) and NP1 respectively33. The capsid proteins VP1-

3 are encoded by ORF3. The virions are non-enveloped and composed of up 
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to 60 capsid proteins33. Clinical manifestation of infection includes rhinitis, 

bronchiolitis, bronchitis, asthma exacerbation, and pneumonia34. BoV infection 

can range from mild to life-threatening in children and immunocompromised 

individuals36. The distribution of HBoV infection is global with cases occurring 

throughout the year particularly during winter and spring37.  Moreover, a high 

degree of  co-infection with other  respiratory viruses have been detected in 

the cases33.  Children between 6-24 months suffer from the greatest disease 

burden with HBoV being detected in up to 20% of acute respiratory infection33. 

HBoV infections have shown to be highly disruptive. They perturb tight-junction 

barriers of the airway epithelium  resulting  in the epithelium thinning, loss of 

cilia  and hypertrophy of the cells38. It has been suggested that HBoV elicits an 

inflammatory response leading to pathogenesis and cell death via  apoptotic 

and pyroptotic mechanisms33. There is no specific treatment for HBoV 

infection34. However, treatment with high-dose glucocorticoid has shown to 

result in rapid recovery from severe pulmonary disease caused by HBoV39.  

Influenza viruses belong to the Orthomyxoviridae family of RNA viruses40. The 

virus is enveloped with a genome consisting of a segmented negative-strand 

ssRNA. The RNA encodes for hemagglutinin (HA) and neuraminidase (NA) 

surface glycoproteins. HA facilitates binding of the virus to its α2,6-linked 

sialyloligosaccharide receptors on host cells. Whereas NA mediates release of 

viral particles by cleaving sialyloligosaccharide residues from the surface of 

host cells. There are four categories of influenza virus strains: A, B, C and D. 

Influenza A causes mild to severe illness and is the most common strain during 

seasonal epidemics. Whereas influenza B causes highly contagious infection 

which can develop into serious illness. Furthermore, type B has been 

responsible for minor localised outbreaks40. Localised outbreaks are clusters 

of infections that are confined to settings such as hospitals and care homes40.  

Although influenza C primarily infects humans, the virus can also infect 

animals including pigs41. Type C causes mild upper respiratory symptoms, 

minor localised outbreaks and sporadic cases. In contrast influenza D is not 

known to cause infection in humans. However, type D affects cattle and pigs. 

Type A is classified into subtypes on the basis of antigenic variation in HA and 

NA antigens42. Sixteen antigenic variants of HA (H1-H16) and nine variants of 
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NA (N1-N9) have been identified42. Both type A and B accumulate point 

mutations in HA and NA genes due to limitations in the proofreading ability of 

viral RNA-dependent RNA polymerase. This along with antibody-mediated 

selection pressure results in antigenic drift which allows the virus to escape 

immunity elicited by vaccination or previous exposures. This gives rise to 

seasonal epidemics43.  

Globally, around 4 million severe infections and half a million deaths are 

attributed to influenza according to the World Health Organisation (WHO)40. 

Infection occurs in individuals of any age group40. However, people over the 

age of 65 are at higher risk of hospital admission, risk of severe complications, 

and death44. Complications such as pneumonia can arise from influenza during 

pregnancy45. This is associated with higher risk of hospital admission and 

disabilities in mothers45. Currently available vaccines include live attenuated 

influenza vaccine, inactivated influenza vaccine, and recombinant influenza 

vaccine. Up to 60% efficacy of vaccines against type A and B infection have 

been reported by some studies. Supportive treatment such as hydration and 

anti-inflammatory drugs is offered in uncomplicated infection and low-risk 

cases. Currently four anti-viral are approved for preventing and treating 

infection: oseltamivir (Tamiflu), baloxavir marboxil (Xofluza), peramivir 

(Rapivab), and zanamivir (Relenza). Oseltamivir, peramivir and zanamivir are 

NA inhibitors and block the function of NA to prevent the virus from leaving 

infected cells. Whereas baloxavir marboxil is an inhibitor of cap-dependent 

endonuclease46. The drug impedes transcription of viral RNA and prevents the 

virus from replicating46.  

HMPV is a negative sense ssRNA belonging to the subfamily Pneumoviridae 

within the family Paramyxoviridae47. HMPV particles are approximately 200 

nm in diameter and infect nasal and lung epithelial cells33. The particles are 

enveloped and pleomorphic34. During HMPV infection, F fusion glycoprotein 

binds to heparan sulphate and other glycosylated proteins. The pH lowers 

resulting in  the activation of the fusion protein33. This promotes fusion between 

the viral and cellular membrane. The genetic material is released into the 

cytosol and viral proteins are produced33. HMPV circulates mainly in late winter 

and spring in temperate climates. HMPV infections can range from mild upper 



 17 

acute respiratory infection (ARI) to pneumonia and severe bronchiolitis. 

Globally, approximately 20% of Respiratory Tract Infection (RTIs) in children 

are associated with HMPV33. The peak age of hospitalisation is 6-12 months34. 

Furthermore, more than 90% of children have antibodies to HMPV by the age 

of 534. Whereas the seroprevalence is around 100% among adults34. Mild 

upper respiratory tract infection (URTI) has been reported in healthy children 

and adults with HMPV infection. However severe symptoms can develop in 

immunocompromised adults and the elderly33. Pathologic studies have shown 

sloughing of epithelial cells with eosinophilic cytoplasmic inclusions, formation 

of hyaline membranes, multinucleated giant cells, diffuse alveolar damage, 

and acute and organising lung injury34. Supportive measures such as 

corticosteroids, oxygen therapy, mechanical ventilation and bronchodilators 

are utilised to manage and control HMPV infection. However, no specific anti-

viral treatment exists for HMPV.  

HPIVs are genetically and antigenically divided into type 1-4. HPIV types 1 and 

3 are classified into the genus Respirovirus whilst  types 2 and 4 are grouped 

into Rubulavirus.  Types 1-3 are a major cause of LRIs in infants, young 

children, immunocompromised and chronically ill individuals, and the elderly48. 

HPIV are non-segmented, negative sense ssRNA virus48. The genome is 

approximately 15 nm, and the virion is enveloped and pleomorphic, ranging 

from 150-200 nm in diameter33. The hemagglutinin-neuraminidase 

glycoprotein with HA and NA activities is located in the virion envelope48. HA is 

attached to the sialic acids on the surface of permissive cells. The surface 

proteases cleave the fusion protein which induces a conformational change 

which stimulates the fusion between the viral envelope and the plasma 

membrane33. Following the fusion reaction, the viral genome is released into 

the cytoplasm where replication occurs using a virus-specific RNA-dependent 

RNA polymerase48. Viral mRNAs are translated into viral proteins through the 

cellular ribosomal machinery48.  

HPIV infection is responsible for one-third of RTIs in the United States33. Types 

1 and 3 are more commonly associated with LRIs in children, 

immunocompromised and chronically ill individuals, and the elderly34. 

Whereas type 4 mainly causes upper respiratory infections (URIs) in children 
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and adults34.  Serological studies have reported positive seroprevalence for 

HPIV by the age of 6-10 years  for most children33. The symptoms can range 

from mild common cold and fever to more severe disease such as bronchiolitis, 

croup and pneumonia33. Croup is the most common cause of HPIV-induced 

hospitalisation whereas bronchiolitis is also common in particular during the 

first year of life33. HPIV-3 is the second most common cause for bronchiolitis 

and pneumonia in young children after RSV33. Furthermore, young, 

immunocompromised children are at the greatest risk for developing severe 

HPIV infection and can ultimately be fatal33. Immunocompromised individuals 

and elderly are at greatest risk for HPIV re-infection33. There is no anti-viral 

agent currently on the market with proven efficacy for HPIV. Corticosteroids 

are prescribed to treat to croup and nebulisers to alleviate respiratory 

symptoms48
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 Table 1-1. Table of the Main Respiratory Viruses. The table 

outlines the family, genome size and type, structure of the virion, and 

major clinical disease caused by the viruses. 
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1.2.1 Rhinovirus 

RVs are single-stranded RNA (ssRNA), positive-sense viruses. RV belongs to 

the Enterovirus genus of the Picornaviridae family33. As the most commonly 

isolated respiratory virus from individuals with mild UTRI, RV is responsible for 

between a half and two-thirds of colds33. RVs are a frequent causative agent 

for upper respiratory tract infection, sinusitis, and otitis media49. RV has also 

been implicated in a range of different lower respiratory tract infections such 

as driving exacerbation of asthma and chronic obstructive pulmonary disease 

(COPD) in adults, wheezing in children and pneumonia49. Respiratory virus 

accounts for approximately 80% of the asthma exacerbation with RV 

attributing to two thirds of the cases. RV-induced wheezing in early age is 

shown to be a predictor for the development of asthma50. It is theorised that 

stimulation of airway inflammation and modelling by RV facilitates 

development of asthma50. Furthermore, medical visits and absent days in 

school and work attributed to RV costs billions of dollars annually in the United 

States causing a substantial effect on the economy49. Currently, no approved 

antivirals or vaccinations are available, and the treatments are typically 

palliative51. 

1.2.1.1 Structure and Genotypes/Serotypes 

The RV genome is a monocistronic uncapped ssRNA with a size of 7-8 kb49. A 

single open reading frame (ORF) is located in the genome which is joined by 

a 5’ untranslated region (UTR) and a short Viral Priming Protein (VPg)33. The 

virions are approximately 30 nm in diameter and are non-enveloped33. The P1 

polyprotein, which is encoded by the ORF, is cleaved post-translationally into 

four structural proteins (VP1-4)52. The viral capsid consists of 60 copies of 

VP1-4. This gives the capsid an icosahedral structure with a canyon in VP1 

that acts as receptor binding site to the host cell surface receptors49. The 

canyon is 1.2-3.0 nm and surrounds a fivefold vertex of VP1 proteins from 

adjacent pentamers34. The antigenic diversity of RV is attributed to VP1-3. 

Whereas the VP4 supports the RNA core to the capsid49. Non-structural 

proteins are involved in the replication and assembly of viral genome49. The 

P2 and P3 proteins are processed to produce the VPg, RNA-dependent RNA 

polymerase and protease49.  
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Approximately 100 different RV strains were yielded using clinical specimens 

from the 1960s and 1970s53. Viral capsid-encoding regions, non-coding 

regions and a limited number of complete genomes were partially 

sequenced53. The original 99 strains were divided into two species: RV-A 

consisting of 74 serotypes and RV-B containing 25 serotypes53. The full 

genomes of the 99 serotypes have since been sequenced to further aid the 

understanding of the evolutionary and molecular biology of RV53. A novel 

species, RV-C, was identified and designated by the International Committee 

on Taxonomy of Viruses in 200954. A classification system based on genetics 

was developed to classify RV-C. The strains of RV-C have similar genomic 

organisation to RV-A and RV-B. However, they have several distinct 

characteristics which support their classification as a new species. A threshold 

of 13% nucleotide difference in VP1 or at least a 10% difference in VP4/VP2 

region (if the sequence of VP1 was unavailable) to identify at least 50 different 

types of RV-C55. Bochkov et al were the first to propagate RV-C in vitro using 

sinus mucosal tissue.  
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1.2.1.2 Pathogenesis 

Transmission of RV involves via aerosol or person-to-person contact either 

directly or through a fomite49. RVs utilise clathrin-dependent or independent 

endocytosis or macropinocytosis to enter the cell49. The minor group of 12 RV-

As bind to the low-density lipoprotein receptor (LDLR) whereas the major 

group of RV-As and RV-Bs binds to intracellular adhesion molecule-1 (ICAM-

1)51. Some major group RVs also utilise heparan sulphate as an additional 

receptor49. RV-C binds to cadherin-related family member 3 (CDHR3)56. 

Subsequently, the virions undergo a conformational change which yields 

Figure 1-3. Schematic Representation of the Rhinovirus Genome 

and the Structure of the Rhinovirus Virion. The virion is non-

enveloped and composed of VP1-VP4 proteins. Diagram was created 

using BioRender with Jacobs et al as reference. 
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hydrophobic subviral particles49. RVs become internalised and are 

translocated into early endosomes49. The mildly acidic pH of the endosomes 

dissociates RV from the receptor and directs the virus into late endosomes49. 

The viral RNA is released into the cytoplasm through either a pore formed by 

the viral protein or membrane rupture and is subsequently translated into a 

polyprotein49. Following autocatalytic cleavage into capsid and non-structural 

proteins, viral polymerase replicates the viral genome49. The host cell 

ribosome translates the RNA into a polyprotein49. The progenies are 

assembled and are released into the nasal cavity where they replicate51. 

RV infection promotes secretion of mucus and vascular leakage which 

damages the barrier of the airway epithelium57. This disruption increases 

permeability and enables translocation of RV and exposure of receptors such 

as toll-like receptors (TLR) on the basolateral surface57. TLR3 recognises the 

viral dsRNA whereas TLR7 and TLR8 recognises the viral ssRNA58. Upon 

generation of double-stranded RNA, retinoic acid-inducible gene 1 (RIG-1) and 

melanoma differentiation-associated gene 5 (MDA5) mediate the response of 

type I interferon (IFN)58. This increases the expression and production of 

cytokines such as interleukin (IL)-6, IL8, IFN-γ-induced protein 10 (IP-10), 

epithelial cell-derived neutrophil-activating peptide 78 (ENA78) and regulated 

upon activation normal T cell expressed and secreted (RANTES)49. The 

production of IFN-β and IFN-γ is activated by interaction with TLR7 and TLR8 

which then activates the nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) pathway49. Secretion of cytokines stimulates recruitment of 

inflammatory cells such as macrophages, natural killer cells lymphocytes and 

eosinophils to sites of RV infection59. 
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1.2.1.3 Impact of RV on Human Health 

Common cold, an URTI, is frequently ascribed to RV. Symptoms include sore 

throat, headaches, sneezing and runny nose60. Adults average around 2-3 

colds per year with RV responsible for more than half of these cases33. 

Whereas it is estimated that children suffer from colds up to 12 times a year33. 

Although transmission of RV is observed all year around, RV-A and RV-B 

cases have two peak periods in April/May and September/October33. In 

contrast, RV-C cases tend to peak in winter months. UTRI can cause 

complications such as acute otitis media (AOM), acute rhinosinusitis (ARS), 

Figure 1-4. RV Infection of the Airway. A) Entry and replication of 

RV replication. After uncoating, assembly and packaging of the HRV 

virion commences whilst the parental RNA is translated into capsid and 

non-structural proteins. B) Activation of the Immune System. After 

recognition of viral ssRNA by TLR7/8 and dsRNA by TLR3, RIG-1 and 

MDA5 is upregulated. HRV-induced gene expression of IFN stimulates 

production of cytokine and immune cells. Diagram was created using 

BioRender with Jacobs et al as reference. 
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and lower respiratory tract infections60. AOM, which is the inflammation of the 

middle ear, can be induced by RV. Following RV infection, an inflammatory 

process in the nasopharynx is triggered and host immune function is 

modified61. This then enables otopathogens that colonise the nasopharynx to 

cause harm61. Recurrent episodes of AOM can result in acute ear pain, general 

illness, fever and distress to children and their parents61. Though rare, serious 

complications such as meningitis, acute mastoiditis, and brain abscesses can 

arise61. Globally, 709 million cases of AOM are reported and an estimated 

21,000 people die from AOM complications62. 

ARS is an inflammatory disease implicating the nose and the paranasal 

sinuses63. Usually, an inflammatory cascade is initiated by a viral infection63. 

This inflammatory state of the mucosa may enable bacterial infection in few 

cases63. ARS has been found to be attributed to RV in 50% of common cold 

episodes64. ARS poses a substantial problem to public health. Approximately 

30 million primary care visits are ascribed to ARS and $11 billion in medical 

expenditure annually in the United States65. Furthermore, ARS is a significant 

cause of work absenteeism in the United States63. Overuse in diagnostic 

testing and therapies have also been reported63. ARS is a common reason for 

antibiotic prescription, and this raises concern regarding antibiotic 

resistance65. Therefore, further research is required to implement appropriate 

testing and treatment63.  

Asthma is a respiratory condition characterised by chronic inflammation of the 

lower respiratory tract66. Genetic interactions and environmental stressors 

contribute to asthma though this is not fully understood66. Viral infection, 

including RV, is thought to exacerbate asthma. Wheezing illnesses attributed 

to RV infection during infancy or early childhood was found to be the most 

significant predictor for the development of asthma at age 667. Upon RV 

infection, proinflammatory mediators are stimulated by the host immune 

response68. This activates neural pathways to augment hyperresponsiveness 

and obstruction of the airways68. T helper cells, a subset of T lymphocytes that 

express cluster of differentiation 4 (CD4), can be divided into T helper type 1 

(Th1) and Th2 and they produce Th1-type cytokines and Th2-type cytokines69. 

Th1-type cytokines mainly produce proinflammatory responses to kill 
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intracellular parasites or disseminate autoimmune responses69. In contrast, 

Th2-type cytokines such as IL4, 5 and 13  are associated with the stimulation 

of immunoglobulin E (IgE) and eosinophilic responses in atopy and IL10 with 

anti-inflammatory response69. In healthy individuals, the immune response to 

RV infection is usually of the Th1 phenotype68. In contrast, RV-induced asthma 

exacerbation is further characterised by an enhanced Th2 immune response 

and neutrophilia of the airways68. Moreover, allergy has been regarded as Th2 

weighted imbalance69. Asthma is associated with substantial economic 

burden, mortality, and morbidity70. In the US, 7.5% of adults are affected by 

asthma71. Asthma has resulted in 1.8 million hospitalisations and 10.5 million 

visits to the physician each year71.  

Currently there are no licensed therapeutics for RV infection. Treatments are 

only supportive. Anti-viral drugs that have been proposed have shown a lack 

of potency in humans. Although RV infection has a significant impact on public 

health, no vaccine for RV currently exists. The diversity of RV serotypes poses 

a significant challenge in developing a vaccine that provides a broad 

immunity72. Protection from RV infection is associated with elevated levels of 

serotype-specific antibodies68. IgA and IgG have been observed in the airways 

and serum respectively73. However, little cross-reactivity is stimulated by 

neutralising antibodies due to the antigenic heterogeneity68. Furthermore, the 

mechanisms underlying induction of these humoral responses are poorly 

understood. Approaches such as combining immunogens with Th1-promoting 

adjuvants provide opportunities for advancing vaccine development68. 

However, a deeper understanding of adaptive response to RV infections is 

needed and further characterisation of RV-C is required to expedite vaccine 

development72. 
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1.2.2 Respiratory Syncytial Virus 

RSV belongs to the Paramyxoviridae family and the genus Pneumovirus34.  

The virus was first isolated from a chimpanzee with coryza in chimpanzee34. 

The agent was recovered from children with respiratory illness34. RSVs are a 

major cause of lower respiratory tract infections in children and are associated 

with significant mortality and morbidity74. Clinical manifestations can vary from 

upper respiratory tract infections to pneumonia, bronchiolitis, viral-induced 

wheeze, and asthma exacerbation75. An incidence of 33 million cases and 

199,000 deaths in children below the age of 5 to RSV infection have been 

reported globally76. It is estimated that 90% of infants will experience RSV 

infection in the first two years of their life based on a study conducted in United 

States77. Although rarer in adults, RSV infections are known to afflict the elderly 

with 5-10% of RSV infection cases in elderly population occurring in nursing 

homes in the United States78. RSV infection in childhood has been associated 

with the development of asthma at later age. Increases in asthma prevalence 

in early adulthood have been reported in individuals with severe early RSV 

bronchiolitis who have experienced recurrent wheezing79. 

1.2.2.1 Structure and Genotypes/Serotypes 

RSVs are a negative-sense single-stranded enveloped RNA virus from the 

Paramyxoviridae family74. The structure is composed of a helical nucleocapsid 

which contains fifteen 220 nt negative-sense ssRNAs that are tightly bound to 

a nucleoprotein34. The virus particles are surrounded by a lipid bilayer which 

contains the G glycoprotein, F fusion protein and SH small hydrophobic 

protein34. G protein mediates attachment of the virus to the host whereas 

fusion protein is involved in viral fusion and host cell entry74. In addition, the 

virions contain the nucleocapsid (N) protein, phosphoprotein (P) and 22 K 

matrix proteins M2-174. The negative-strand RNA is encapsidated by the N 

protein34. The large polymerase (L) protein, P phosphoprotein, and cysteine-

rich V protein is associated with nucleocapsid34. Furthermore, three non-

structural proteins NS1, NS2 and M2-2 are produced by RSV-infected cells. 

The two RSV groups were distinguished originally on the basis of antigenic 

differences in the attachment of G protein34. Through genetic and phylogenetic 

analysis of the gene sequences of G protein this separation was later 
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confirmed. Furthermore, this enabled further divisions of the serotypes into 

genotypes34. Group A has 11 genotypes whereas group B has 23 genotypes33. 

Both groups and the different genotypes co-circulates however one serotype 

is dominant within a given season. It has been hypothesised typically that this 

serological and genetic diversity contributes to the lack of prolonged immunity 

and re-infection throughout life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-5. Schematic Representation of the RSV Genome and the 

Structure of the RSV Virion. The virion consists of G glycoprotein, F 

fusion protein, SH protein, N nucleocapsid protein, L large polymerase 

protein, P phosphoprotein, M2-1 and M2-2 protein. Diagram was 

created using BioRender with Boncristiani et al as reference. 



 30 

1.2.2.2 Pathogenesis 

RSV is transmitted through direct contact with contaminated air droplets, 

coughs, and sneezes80. Using the G protein, the virus binds to the CX3C motif 

chemokine receptor 1 CX3CR134. Nucleolin has also been suggested as an 

alternative receptor for RSV81. It was proposed that RSV binds to heparan 

sulphate proteoglycans (HSPG) to enable interaction between F protein and 

nucleolin81. The virus and the cell membrane fuse together via the binding of 

F protein to cell GTPase RhoA34. The internalisation process of RSV is pH-

independent and can happen either in the plasma or the endosomal 

membrane34. Protein F is expressed on the cell surface of infected cells. This 

promotes fusion between adjacent cells and results in syncytia formation34. 

This is a characteristic of a paramyxovirus cytopathic effect34. The RNA is 

transcribed by the coordinated action of the L, N, P and M2-1 proteins33. The 

resulting set of mRNAs direct the synthesis of the viral proteins with 

transcription occurring in a gradient with decreasing amounts of transcripts 

being synthesised from the 3’ to the 5’ end of the genomic template33. NS1 and 

NS2 are transcribed at the highest abundance from the 5’ end. They are 

involved in the suppression of the innate immune response of infected cells33. 

The polymerase complex then switches from mRNA transcription to viral-RNA 

replication to generate RNA of polarity opposite to the genome called the anti-

genome34. The M2-2 protein is partly regulated by this switch33. The anti-

genome acts as template for the polymerase complex to synthesise the 

negative-sense RNA genome of the progenies34. The plasma membrane buds 

off to release the mature virus particles. The M-1 and M2 proteins are involved 

in regulation of transcription and replication whereas the phosphoprotein is 

essential for functional polymerase82.  

RSV replicates in respiratory epithelia and infects ciliated columnar epithelial 

cells of the lower and upper airway epithelium76. The virus spreads cell-to-cell 

throughout the respiratory tree and reaches the bronchioles in 1-3 days after 

the onset of symptoms. Following infection of the epithelial cells by RSV, 

induction of the inflammatory response results in ciliary dysfunction and 

apoptosis83. Accumulation of debris and the narrowing and oedema of the 

airways diminishes lung compliance and gives rise to symptoms83. The RSV-
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infected cells assume a rounded morphology, and they slough onto the smaller 

bronchioles of the lower airway82. Oedema of the surrounding submucosa 

occurs due to increased mucus secretion and the intrusion of rounded cells82. 

Air becomes trapped in the peripheral areas, and the air absorption causes 

atelectasis82. The mucosal plugs, sloughing of epithelial cell debris, 

accumulation of macrophages and lymphocytes, necrosis of ciliated cells, 

formation of syncytia, peribronchiolar and impairment in secretion clearance 

causes the airways to obstruct34. This obstruction and lung hyperinflation is 

typical of bronchiolitis33. In response to the infection, release of 

proinflammatory cytokines, chemokines and interleukins causes inflammation 

of the airway and tissue damage82. This secretion of cytokines may also induce 

sensitisation to allergens and promote atopic asthma74. RSV-induced 

pneumonia with eosinophilic cytoplasmic inclusion of epithelial cells, giant 

multi-nucleated cells and interstitial mononuclear infiltrate frequently co-exists 

with bronchiolitis34. Young babies have immature airways which are unable to 

compensate for RSV-induced damage34. This makes them particularly 

susceptible to severe RSV disease34.   

Although naturally acquired immunity to RSV is short-lived and incomplete, the 

severity of disease is reduced upon re-infection. The development of RSV 

disease is influenced by the pre-existing RSV-specific maternal antibodies. 

Furthermore, secretary IgA has shown to be correlated with protection. Cell-

mediated immune response is key for infection recovery with 

immunosuppressed individuals being at risk for severe RSV disease and fatal 

outcome. A major factor in the development of wheezing and asthma 

exacerbation is the type of immune response mounted upon RSV infection. A 

deviation towards Th1 response results in effective viral clearance and a milder 

diseases. Whereas Th2 cytokine response has shown to be associated with 

more severe illness. A pre-existing deficiency for Th1 response may serve as 

a marker for pre-disposition to wheezing and asthma in later life.  
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1.2.2.3 Impact of RSV on Human Health 

RSV-induced bronchiolitis is one of the leading causes of hospitalisations for 

infants84. The infection is self-limited but may progress into respiratory failure 

in infants83. By the age of 2, 11-15% of infants suffer from bronchiolitis83. At 

least 5 hospitalisations for every 1000 children under the age of 2 occur 

depending on disease severity in the United States83. In Italy, the cost for acute 

hospitalisation of bronchiolitis is approximately 2000 euros per patient with an 

increase to around 8000 euros if paediatric intensive care unit (ICU) is 

required84. Furthermore, RSV aetiology of bronchiolitis was found to contribute 

to higher cost of hospitalisation due to longer hospital stay and more frequent 

admission to ICU84. Therefore, development of cost-effective interventions 

against RSV are imperative.  Pneumonia in children is frequently caused by 

RSV85. An estimated 3.2 millions episodes of severe RSV pneumonia that 

Figure 1-6. RSV Infection of the Airway. RSV binds to CX3CR1 and is 

internalises via either endocytosis or macropinocytosis. Fusion occurs 

within the endosome and syncytia is formed. RNA is transcribed and 

viral proteins are translated. The plasma buds and mature viral particles 

are released. Diagram was created using BioRender with Boncristiani et 

al as reference. 
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required hospitalisation and 94,600-149,400 deaths was reported globally 

between 2017-202086. Furthermore, pneumonia is a leading cause of mortality 

in children with RSV being the most frequent single cause RSV infection has 

also been associated with extensive mortality and morbidity in critically ill adult 

patients with severe pneumonia87. Age-dependent association between 

childhood asthma and RSV infection has been found88. Children who were not 

infected with RSV in the first year of life had a substantially reduced risk of 

developing asthma88. Significantly higher rates of asthma and disease severity 

during childhood have been associated with RSV hospitalisation89. RSV 

infection has been suggested to elicit airway hyperactivity by augmenting a 

Th2-type response and dampening IFN-ᵞ antiviral immunity90.  

Mid-December to early February is the peak of spread in temperate climates. 

Treatments for RSV have largely been supportive33. Changes in climatic 

conditions and the resulting influence on behaviour such as increased indoor 

crowing can also influence the seasonality of RSV infection33. Furthermore, a 

6-month waning period of protective antibodies has been suggested to impact 

susceptibility in the following season33. Appropriate delivery of supplemental 

oxygen and hydration is imperative in cases requiring treatments dampening33. 

However, the treatment for bronchiolitis is more extensive. Supportive 

treatment for infants with RSV bronchiolitis includes bronchodilators such as 

alpha- and beta-adrenergics, nebulised epinephrine and anti-cholinergics, and 

prevention of electrolyte imbalance and hypoxemia34. However, there is no 

conclusive evidence that bronchodilators have a positive effect on the disease 

outcome. Currently the only anti-viral drug approved for infants with RSV is 

ribavirin33. The drug is delivered by small-particle aerosol or a ventilator. 

However, ribavirin clinical trials have lacked power to provide definitive 

recommendation34. Nevertheless the anti-viral is recommended for infants and 

young children with underlying health conditions such as cystic fibrosis, 

congenital heart disease and immunosuppression34. Ribavirin use in adults is 

limited to severely immunocompromised individuals33. 
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Passive immunisation with humanised monoclonal antibodies is used to 

protect high-risk infants during seasonal outbreaks. One such mAb, 

palivizumab, is administered every month during five months in the first RSV 

season to limit severe LRTI in children91. The mAb targets the F protein and 

has been market-approved for more than 20 years92. However, the high costs 

and limited efficacy means that the drug is limited to high-risk infants such as 

immunocompromised infants or pulmonary and cardiac disease. Furthermore 

the monthly intramuscular injection is arduous and can still allow significant 

breakthrough infections to occur at low trough antibody levels92. A second 

generation mAb called motavizumab is in phase II clinical trials. The mAb was 

found to significantly reduce RSV-associated inpatient and outpatient burden 

in a clinical trial study consisting of 2569 RSV-infected infants93. Motavizumab 

forms a complex with a 24-residue peptide. This structure corresponds to the 

epitope on the F protein94. Modelling studies have suggested that 

motavizumab recognises a different quaternary configuration of F protein than 

the one observed in a homologous structure95. This gives motavizumab 

greater potency than palivizumab95.  

Various factors have hindered the development of a RSV vaccine. Deficiencies 

in the innate and adaptive immune response of neonates makes infantile 

vaccination difficult96. Furthermore, maternal antibodies may subdue the 

development of intrinsic antibody responses96. Significant advances in vaccine 

development have been made, and two vaccines have been approved: GSK’s 

ArexvyTM (RSVPreF3 OA) and Pfizer’s AbrysvoTM (RSVPreF3). ArexvyTM 

contains recombinant RSV F protein which is stabilised in the prefusion 

confirmation. This exposes epitopes that are targeted by neutralising 

antibodies. Previously mice and macaques were immunised with stabilised 

prefusion forms of the F protein97. This elicited significantly greater neutralising 

activity than the postfusion form9797. A phase 1-2 study was conducted to 

investigate several formulations of the RSVPreF3 OA vaccine including with 

and without an AS01-based adjuvant98. The vaccine was associated with an 

acceptable safety profile and induced neutralising antibody responses in older 

adults98. Elevated RSV-specific CD4+ T-cell frequencies were observed in 

older adults to similar levels to those observed in young adults after 
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vaccination98. AS01E formulations were less reactogenic than A01B 

formulations which contain twice the dose of immunostimulants98. Therefore, 

AS01E-adjuvanted formulation was chosen for further development98. A 

randomised, placebo-controlled, ongoing trial (AReSVi-006) was conducted in 

17 countries in Africa, Asia, Australia, Europe and North America99. Individuals 

aged 60 years or over were followed for at least two consecutive seasons in 

the Southern Hemisphere and three consecutive RSV seasons in the Northern 

Hemisphere99. The efficacy of the vaccine was 82.6%. Furthermore, the 

efficacy was 94.1% against severe RSV-associated lower respiratory tract 

disease (LRTD)99. 

Pfizer’s AbrysvoTM is a bivalent, unadjuvanted vaccine which provides broad 

protection against RSV lower respiratory tract disease100. The vaccine is 

composed of stabilised prefusion F protein from RSV A and B antigenic 

subgroup100. Variations of the F protein sequence of RSV-A and B subgroups 

are clustered in antigenic sites making it a major target for potent neutralising 

antibodies100. The vaccine was advanced to RSV vaccine efficacy study in 

older adults immunised against RSV disease (RENOIR) phase III trial100. The 

randomised, double-blind, placebo-controlled trial was conducted in adults ≥60 

years of age from 240 sites across Argentina, Canada, Finland, Japan, 

Netherlands, South Africa and the United States100. The participants received 

a single intramuscular infection of the vaccine at a dose of 120 μg or a 

placebo100. The vaccine was shown to prevent RSV-associated LRTD and 

RSV-associated acute respiratory disease without any evident safety 

concerns100. The efficacy was 66.7% against RSV-associated LRTI with at 

least two signs or symptoms, 85.7% against LRTI with at least three signs or 

symptoms, and 62.1% against RSV-associated acute respiratory illness100. 

Nevertheless, the need to develop an RSV vaccine for infants still remains. 

Furthermore, identification of biological targets for therapies and continued 

development of prophylaxis and anti-viral therapeutics is important90. The 

impact of the protection conferred by RSV vaccine in early childhood on the 

development of asthma later in life is also essential to understand90. 
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1.2.3 SARS-CoV-2 

Severe acute respiratory syndrome-corona virus 2 (SARS-CoV-2) is the 

causative agent of COVID-19 which is responsible for the global ongoing 

pandemic101. According to the World Health Organisation (COVID-19) 

Dashboard, more than 7 million deaths have been confirmed as of 7th 

September 2025. SARS-CoV-2 belongs to the Betacoronavirus genus. The 

genus also includes SARS-CoV responsible for the 2022-2004 SARS 

epidemic), Middle East respiratory syndrome coronavirus (MERS-CoV), 

human coronavirus (HCoV)-OC43 and HCoV-HKU1102. The virus is 

transmitted through respiratory droplets expelled during face-to-face exposure 

to coughing, sneezing, and talking101. The severity of SARS-CoV-2 infection 

can range from mild, severe to critically ill103. The mortality rate for patients 

admitted to ICUs falls between 40-50% and is elevated in patients who have 

developed acute respiratory distress syndrome (ARDS)103. Moreover, elderly, 

immunocompromised or individuals with chronic comorbidities are at higher 

risk of developing severe COVID-19 disease103. The COVID-19 pandemic has 

had a considerable socio-economic effect which has impacted a wide variety 

of industries such as healthcare, education, agriculture, and finance104. The 

pandemic has resulted in a global economic crisis with a loss of approximately 

90 trillion USD in the global economy105. 

1.2.3.1 Structure 

SARS-CoV-2 is a positive-sense single-stranded RNA virus. The 26000-30000 

bases long genome is encased inside a capsid106 and contains two large 

overlapping ORFs (ORF1a and ORF1b). Four structural proteins (S spike 

protein, E envelope protein, M membrane protein, N nucleocapsid protein), 

and nine accessory proteins are encoded by the genome. ORF1a and ORF1b 

are processed further to generate sixteen non-structural proteins (NSP1-

NSP16). Assembled as a homotrimer, S protein is inserted into the membrane 

in multiple copies giving it a crown-like appearance. Upon infection, the S 

protein is cleaved into S1 and S2 subunits. The S1 subunit folds into four 

domains during the pre-fusion confirmation: N-terminal domain (NTD), 

receptor binding domain (RBD), and two C-terminal domains (CTD1 and 

CTD2). The pre-fusion S2 subunit is encompassed by these four domains to 
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form a central helical bundle with heptad repeat 1 (HRP1) structural motif 

bending towards the viral membrane. Three RBDs make up the apex of the S 

protein with two distinct conformations: ‘down’ for receptor-inaccessible state 

and ‘up’ for receptor accessible. Conformational change is initiated during the 

post-fusion state to disengage the S1 subunit form S2. The S2 subunit goes 

through a cascade of refolding events to form an elongated stable trimer. 

A central protein of SARS-CoV-2, the E protein forms a homopentameric cation 

channel that is essential for pathogenicity107. The M protein consists of two 

transmembrane domain-swapped three-helix bundles and two intravirion 

domains to form a mushroom-shaped dimer108. The protein also possesses a 

hinge region which is highly conserved and integral for conformational 

changes. Using the positively charged intravirion domain, M protein facilitates 

the recruitment of components for viral assembly. In addition, M protein 

promotes membrane curvature, membrane budding and binding of 

nucleocapsid109. An integral component of virions, the N protein binds to viral 

genomic RNA to mediate packing of the RNA into a ribonucleoprotein 

complex110. Additionally, other roles include transcription and replication of viral 

RNA, immune regulation and cytoskeleton organisation110. The N protein has 

two NTDs and CTDs which are connected by a central linker region (LKR)110. 

The NTD has shown to be responsible for RNA binding whereas CTD is 

involved in both dimerization and RNA binding111. 
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1.2.3.2 Pathogenesis 

SARS-CoV-2 primarily invades ciliated and goblet epithelial cells and binds to 

angiotensin-converting enzyme 2 (ACE2). ACE2 is a carboxypeptidase which 

is essential to the renin-angiotensin-aldosterone system. Additionally, several 

molecules have been suggested to serve as alternative receptors such as L-

SIGN (CD209-L) and tyrosine-protein kinase receptor UFO (AXL). Amraei et 

al reported that CD209-L interacts with the spike receptor-binding domain with 

Figure 1-7. Schematic Representation of the SARS-CoV-2 Genome 

and the Structure of the SARS-CoV-2  Virion. The genome contains 

the ORF1a and ORF1 which are processed to generate non-structural 

proteins. The virion is composed of E envelope protein, which is 

essential for pathogenicity, M membrane protein which facilitates viral 

assembly, N nucleocapsid protein which mediates packing of RNA, and 

S spike protein which is involved in viral entry and pathogenicity. 

Diagram was created using BioRender with Boncristiani et al as 

reference. 
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N92 N-glycosylation of the CD209-L being occupied112. Whereas study by 

Wang et al found that AXL interacts specifically with the N-terminal domain of 

S protein to promote SARS-CoV-2 entry113. Upon ACE2 binding, S1 subunit 

undergoes a conformational change to a metastable state to overcome the 

natural repulsion between the host cell membrane and the virus. This transition 

is mediated by two proteolytic cleavage: one at S1-S2 boundary by furin and 

other at S2’ site. The cleavage of the S1 subunit subsequently exposes the S2’ 

cleavage site of the S2 subunit. S2’ cleavage is dependent on the entry 

pathway taken: one via the endosomes and other through the host cell surface. 

This is dependent on the target cell proteases in particular transmembrane 

serine protease 2 (TMPRSS2) and cathepsin L. If either insufficient TMPRSS2 

is expressed by the host cell or the SARS-CoV-2-ACE2 complex does not 

encounter TMPRSS2, the complex is internalised into endolysosomes via 

clathrin-mediated endocytosis. Here the cathepsins perform the cleavage of 

S2’ in the presence of an acidic environment. In contrast, the cell surface is the 

site of S2’ cleavage if TMPRSS2 is present.  

During both pathways, the fusion peptide (FP) is exposed following S2’ site 

cleavage. S1 dissociates from S2 which induces a conformational change in 

the S2 subunit particularly in HRP1. This propels the FP forward into the target 

membrane to initiate membrane fusion. A fusion pore is formed following fusion 

between the viral and cellular membrane at the C-terminus to release viral RNA 

into the host cell cytoplasm for replication. Following the release of viral 

genomes, the virus hijacks the host cell machinery to facilitates transcription 

and translation of viral proteins. Viral replication accelerates in the later stages 

of the infection which can compromise the integrity of the epithelial-endothelial 

barrier114. Infection of epithelial and the pulmonary capillary endothelial cells 

enhances inflammatory response and influx of cytokines and chemokines114. 
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Figure 1-8. SARS-CoV-2 Infection of the Airway. Diagram was created 

using BioRender with Jackson et al as reference. In endosomal entry 

pathway, SARS-CoV-2 binds to ACE2 and is internalised through 

clathrin-mediated endocytosis. Cathepsins perform the S2 cleavage. 

Whereas in cell surface entry pathway, SARS-CoV-2 binds to ACE2, and 

S2 cleavage occurs in the presence of TMPRSS2. Following S2 

cleavage, fusion peptide is exposed and conformational change is 

induced. Fusion between the viral and membrane results in the formation 

of a fusion pore. RNA is released into the cytoplasm for uncoating and 

replication. Viral genomes are released. The host cell machinery is 

hijacked by the virus to stimulate the transcription and translation of viral 

proteins. Diagram was created using BioRender with Jacobs et al as 

reference.  



 41 

1.2.3.3 Impact of SARS-CoV-2 on Human Health 

COVID-19 represents a wide spectrum of clinical manifestations from 

asymptomatic to critical illness115. Critical illness is characterised by acute 

respiratory failure with the need for mechanical ventilation, septic shock, and 

failure of multiple organ systems115. COVID-19 represents a wide spectrum of 

clinical manifestations from asymptomatic to critical illness115. Common 

symptoms of SARS-CoV-2 include cough, fever, fatigue, loss of smell and/or 

taste, and dyspnoea116. Gastrointestinal symptoms such as nausea, vomiting, 

diarrhoea, and abdominal pain can occur in some patients117. The expression 

of ACE2 across a variety of different brain regions such as brain stem, cerebral 

cortex, choroid plexus, striatum, middle temporal gyrus, paraventricular nuclei 

of the thalamus, and posterior cingulate gyrus could explain the different 

neurological manifestations presented by COVID-19 patients118. These include 

headaches, dizziness, impairment of the smell, stroke, intracerebral 

haemorrhage118. Furthermore, individuals with severe epilepsy were found to 

have an increased likelihood of developing severe complications119. COVID-

19 can result in numerous complications including lung fibrosis, cardiac 

thrombosis, and inflammation, arterial thromboses, and mood dysfunctions120. 

Regarding the respiratory system, complications such as dyspnoea, 

dependence on ventilation and oxygen, abnormalities of pulmonary function 

tests can occur120.  

Critical illness is characterised by acute respiratory failure with the need for 

mechanical ventilation, septic shock, and failure of multiple organ systems115. 

Acute respiratory distress syndrome (ARDS) is a dangerous complication of 

SARS-CoV-2 infection. ARDS is defined by new or worsening respiratory 

failure coupled with hypoxemia and infiltrates of the alveoli121. Upon SARS-

CoV-2 infection, the epithelial and endothelial structures are damaged 

resulting in increased permeability and oedema122. This can lead to diffuse 

alveolar damage consisting of capillary congestion, formation of hyaline 

membranes, hyperplasia of type 2 pneumocyte, necrosis of pneumocytes and 

alveolar oedema123. ARDS can also trigger proliferation of fibroblast and 

myofibroblast which can lead to pneumonia122. As one of the most frequent 

complications of severe COVID-19 disease, progression into ARDS is one of 
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the highest predictors of COVID-19 mortality121. The mortality rate of 

individuals with COVID-19-induced-ARDS ranges from 23-56%105. Treatment 

requires longer hospital stays, advanced medical equipment and therapies105. 

Risk factors include advanced age, comorbidity with heart disease, diabetes 

mellitus, COPD, and coagulopathy disorder, smoking, obesity, 

immunosuppressive medication and ethnicity105.  

Long COVID is a multisystemic illness that can be developed following COVID-

19 infection. During long COVID symptoms continue or develop 3 months after 

SARS-CoV-2 infection and persist for at least 2 months124. In most cases the 

symptoms will resolve however neuropsychiatric symptoms can last for more 

than 6-12 months124. These include brain fog, sleep disorders, cognitive 

disorders, depression, and anxiety125. Type 2 diabetes, cardiovascular, 

cerebrovascular, and thrombotic disease, chronic fatigue syndrome and 

dysautonomia are some of the complications arising from long COVID126. 

Alteration of T cells such as exhausted T cells, reduction in the number of 

CD4+ and CD8+ effector memory cell numbers, and increased expression of 

Programmed Cell Death Protein 1 (PD1) on central memory cells for at least 

13 months were reported in individuals with long COVID126. Persistence of 

SARS-CoV-2 reservoir could potentially drive symptoms of long COVID126. 

Viral proteins and RNA were detected in lung tissues, cardiovascular system, 

brain, lymph nodes, reproductive system, eyes, hepatic tissue, breast tissue 

and plasma in patients with long COVID-19125.  

The pandemic has led to an unprecedented acceleration of the vaccine 

development process and treatment strategies127. Traditional vaccine 

development may take 15 or more years due to a long discovery phase, pre-

clinical experiments, toxicology studies, clinical trials, and large-scale 

production128. The knowledge gained from initial vaccine development for 

SARS-CoV and MERS-CoV helped accelerate the process128. Following 

interim analysis of phase I/II clinical trials data, rapid progression to phase III 

was initiated128. RNA-based, DNA-based, non-replicant viral vector, and 

protein subunit COVID-19 vaccines have been developed129.  BNT162b2 

(Comirnaty®; BioNTech, Pfizer)130 and mRNA-1273 (Moderna)131 are lipid 

nanoparticle-encapsulated mRNA vaccines. The ChAdOx1nCoV-19 vaccine 
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(AZD1222; AstraZeneca) comprises a replication-deficient chimpanzee 

adenoviral vector ChAdOX1 which houses the spike glycoprotein132. Whereas 

NVX-CoV2373 (Novavax) is a recombinant nanoparticle vaccine that contains 

that prototype strain of the spike glycoprotein and Matrix-M adjuvant133. 

Furthermore, small-molecule antiviral drugs such as remdesivir, nirmatrelvir-

ritonavir and molnupiravir and eleven monoclonal antibodies have been 

marketed to treat COVID-19127. Immunomodulatory drugs such as the 

glucocorticoid dexamethasone, Janus kinase inhibitor barticinib and cytokine 

antagonist tocilizumab may help treat hospitalised patients with critical or 

severe COVID-19127. Effective strategies for treating COVID-19 are still 

required including treatments that tackle drug resistance conferred by 

emerging variants127. It is also important to develop pan-coronavirus inhibitors 

and combination therapies to target variants and prepare for future outbreaks 

of coronaviruses127. Furthermore, the mechanisms underlying long COVID still 

need to be elucidated and there is no drug currently on the market that has 

been approved for treating long COVID127.  
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1.3 Host Genetic Factors Associated with Respiratory Viruses 

Host genetics plays an important role in susceptibility and severity of viral 

infections as indicated by twin studies134. Single nucleotide polymorphisms 

(SNPs) of host genetic factors have been associated with viral infections135. 

The variations range from substitution of amino acids to formation of splice 

variants135. Some of the SNPs have consequences on the function such as 

production of non-functional proteins and could potentially influence disease 

susceptibility and severity135. Several SNPs associated with RV, RSV and 

SARS-CoV-2 infection have been identified including variants of host 

receptors. Studies range from genomic-wide association studies (GWAS) to 

case-studies of individuals with a specific polymorphism. It is important to note 

the differences in cohort sizes and population groups between studies when 

generalising results. Although GWAS have primarily focused on population of 

European descent, global population are increasingly being represented136. To 

prevent false positive that may be caused by differences in allele frequencies 

between population groups, GWAS have implemented different methods to 

control for ethnicity137. Principal component analysis (PCA), the standard tool 

for correcting population stratification, analyses genetic data onto axes to 

visualise population structure136. The principal components (PCs) is computed 

within the cohort or estimated from an external reference such as 1000 

Genomes Project136. The PCs can be subsequently included as covariates in 

linear regression model137. Another method for controlling population 

stratification is the mixed-model approach which utilises the genetic 

relationship matrix (GRM) to model the genetic relatedness between every 

participant in the study137. A greater statistical power may be yielded using the 

mixed-model due to increased sample size and control of variance explained 

by genetic relatedness136. 
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1.3.1 Rhinovirus 

1.3.1.1 IL6 

Upon infection and tissue injury, the pro-inflammatory cytokine interleukin- 6 

(IL6) is produced by immune cells138. IL6 stimulates immune reactions, acute 

phase response and haematopoiesis to support the host immune defences138. 

RV infection upregulates IL6, and it is thought to contribute to inflammation of 

the airways139. The IL6 gene is located at chromosome 7 (7p21-24)138. 

Polymorphisms of cytokine genes can result in the variation in the level of 

cytokine produced140. The -174G/C of rs1800795 SNP is a G-to-C two-point 

substitution at position 174 in the 5’ flanking region of the IL6 gene141. The 

rs1800795 SNP alters the expression and functional activity of IL6141. Doyle et 

al  explored the influence of rs1800795 SNP on rhinovirus illness142. Following 

genotyping of seventy-two adults and exposure to rhinovirus, infection was 

tracked142. The low IL6 production phenotype of rs1800795 was found to be 

significantly associated with higher severity of rhinovirus symptoms142. The 

SNP was significantly associated with throat symptoms (p = 0.037) and 

general symptoms (p = 0.04)142. Therefore, the polymorphism may predict 

severity to rhinovirus illness. 

1.3.1.2 IL10 

Interleukin-10 (IL10) is an anti-inflammatory cytokine produced by different cell 

types such as monocytes, T helper cells, dendritic cells, and macrophages 

depending on the tissue type, time stage of the infection and the stimulus 

response143. IL10 suppresses antigen presentation and limits the production 

of inflammatory mediators in macrophages and monocytes143. Furthermore, 

IL10 serves an essential role in B and T cell biology143.  Th2 differentiation has 

shown to be augmented by RV infection, and this is regulated by IL10 

induction144. Encoded by the IL10 gene located on chromosome 1 (1q31-31), 

the cytokine is a 178 amino acids long protein143. Few polymorphisms of IL10 

exist including the G-to-A substitution polymorphism rs1800896 which is 

located in a negative putative binding site. A negative putative binding site is a 

site where transcription factors binds to and acts as repressors to decrease 

the rate of gene transcription145. A case-control study by Holster et al  from 

Finland found that the AG or GG genotype of the rs1800896 polymorphism, 
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which is associated with high production of IL10, was found less often in infants 

with rhinovirus bronchiolitis compared to controls (p = 0.009)146. The AT or TT 

genotype of the rs1800890 polymorphism was also less present in infants with 

rhinovirus bronchiolitis compared to healthy control (p = 0.03)146. Helminen et 

al  also found that infants with rhinovirus bronchiolitis were less likely to carry 

the G allele of rs1800896 polymorphism in a study consisting of 139 infants 

with bronchiolitis and 400 control subjects from Finland147. The rs1800896 and 

rs1800890 polymorphism may play a role in RV infection susceptibility.  

1.3.1.3 NOS2A 

Nitric oxide (NOS) has important roles in various physiological processes in 

multiple organs including the lungs such as mucus transport, 

neurotransmission, and surfactant production148. Expression of NOS2A mRNA 

and production of NOS has been shown to increase following RV infection149. 

NOS genes are encoded by three genes: neuronal NOS by NOS1 on 

chromosome 12, inducible NOS by NOS2A on chromosome 17, and 

endothelial NOS by NOS3 on chromosome 3150. Few studies have explored 

the role of NOS2A polymorphism on rhinovirus infection. Alvarez et al observed 

significant association between rs1060826 NOS2A polymorphism and 

bronchiolitis attributed to rhinovirus (p < 0.05)151. The cohort consisted of 181 

infants diagnosed with severe bronchiolitis and 536 healthy adult controls from 

Brazil151.  
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1.3.2 RSV 

1.3.2.1 ADAM33  

A disintegrin and metalloproteinase 33 (ADAM33) is a member of a group of 

zinc-dependent metalloproteinases encoded by the ADAM33 gene located in 

chromosome 20 (20p13)152. ADAM33 is thought to be involved in airway 

remodelling and stimulation of cell proliferation and differentiation153. 

Polymorphism of ADAM33 has shown to be associated with RSV disease 

severity. A study by Drysdale et al found that the C allele of the rs2787094 

polymorphism of ADAM33 is associated with an increased risk of developing 

RSV lower respiratory tract infection (LRTI) (p = 0.04)154. The sample size 

consisted of 148 infants with RSV infection and 119 controls from UK154. The 

polymorphism may increase the risk of developing severe RSV disease. 

1.3.2.2 CCL5 

Chemokine (C-C motif) ligand 5 (CCL5), also known as RANTES, is a 

chemokine that plays an important role in immune response against viral 

infections by binding to G protein-coupled receptors (GPCRs) such as CC 

chemokine receptor type 5 (CCR5)155. As a chemokine, CCL5 stimulates 

recruitment and migration of leukocyte, T cells, NK cells, mast cells, dendritic 

cells, and basophils156. RSV infection has been reported to induce production 

of CCL5 and recruit RSV-specific cells which in turn promotes additional CCL5 

production157. Polymorphism of the CCL5 gene has shown to be associated 

with RSV susceptibility and severity. Two polymorphisms in the CCL5 gene, -

403G/A of rs2107538 and -28C/G of rs2280788, are found in the promoter 

region158. The In1.1T/C genotype of rs2280789 polymorphism is found in the 

intronic regulatory element that facilitates transcription of CCL5158. The 

frequency of -403G/G genotype of rs2107538 (p = 0.017, OR = 0.49), -28G/G 

genotype of rs2280788 (p = 0.010, OR = 0.33), and In1.1T/C genotype of 

rs2280789 (p = 0.037, OR =  0.52) polymorphisms of the RANTES gene was 

reported by Hattori et al to be lower in Japanese infants with severe 

bronchiolitis than controls159. The study population consisted of 59 infants 

diagnosed with severe RSV bronchiolitis and 201 control subjects159. 

Moreover, the alleles -403A (p = 0.012, OR = 0.56), -28G (p = 0.032, OR = 

0.45) and In1.1C (p = 0.015, OR = 0.56) were lower in infants with severe RSV 
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bronchiolitis159. The -403A and -28G alleles are associated with higher 

promoter activity159. Therefore lower frequency of the alleles suggest that 

infants with lower production of CCL5 might be less susceptible to severe RSV 

bronchiolitis. These results suggest that risk of severe RSV infection may be 

conferred by CCL5 polymorphisms. 

1.3.2.3 CCR5  

CCR5 is a GPCR involved in the regulation of trafficking and effector functions 

of immature dendritic cells, memory and effector T-lymphocytes and 

macrophages160. CCR5 is also a co-receptor for the cellular entry of R5 strains 

of human immunodeficiency virus 1 (HIV-1) and 2 (HIV-2)160. Located on the 

short arm of chromosome 3, the receptor is encoded by the CCR5 gene161. 

The first instance of CCR5 polymorphism with regards to RSV infection was 

documented by Hull et al in 2003162. Family-based and case-control genetic-

association analysis was conducted on 580 infants with RSV-induced 

bronchiolitis from UK and both of their parents162. Case-control analysis 

revealed that the -2554T allele of the rs2734648 SNP was found more 

frequently in the RSV group than controls (p = 0.01, OR = 1.25)162. In addition, 

the -2459G allele of rs1799987 SNP was more commonly found in the RSV 

group than the control group (p = 0.02, OR = 1.22) with a stronger effect found 

in individuals homozygous for these alleles162. Polymorphisms of CCR5 may 

make individuals more susceptible to RSV infection.  

1.3.2.4 CD14 

Cluster of differentiation 14 (CD14) is a membrane receptor protein for toll-like 

receptors and mediates innate immunity responses to tissue injury and 

pathogens in monocytes and macrophages163. The protein has been 

implicated in various diseases such as infectious diseases such as sepsis, 

metabolic diseases, autoimmune conditions like amyotrophic lateral sclerosis, 

cancer, and cardiovascular disease163. CD14 has also been shown to mediate 

innate immune response to RSV164. The gene encoding for CD14 is located 

on chromosome 5165. A number of polymorphisms in the CD14 gene have been 

identified including the rs5744455 variant. A study by Inoue et al observed that 

the C allele (p = 0.034) and the C/C genotype (p = 0.037) of the -550 C/T 

rs5744455 polymorphism were significantly increased in children with RSV-
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induced bronchiolitis compared to control subjects166. 54 children with RSV 

bronchiolitis and 203 control individuals from Japan made up the sample 

size166. Furthermore, the serum level of soluble CD14 was significantly 

elevated in children with CC genotype of rs5744455 polymorphism compared 

to CT and TT genotypes. This suggests that CD14 polymorphism may be 

involved in the development of RSV bronchiolitis.   

1.3.2.5 CNR2 

Cannabinoids and endocannabinoids activate the cannabinoid receptors 1 

(CB1) and 2 (CB2)167. Neuroimmune interactions are modulated by the CB1 

expressed in the brain and CB2 expressed in the periphery168. CB2 is encoded 

by the CNR2 gene which is located on chromosome 1 (1p36.11)169. The gene 

is composed of six exons which spans a 90 kb region. Tahamtan et al 

investigated the effect of CNR2 polymorphism on RSV infection. The 

rs35761398 polymorphism was analysed in 90 inpatient and 90 outpatient 

children with acute respiratory tract infection (ARTI)170. Children carrying the 

Q allele had a two-fold increase in the risk of developing severe ARTI following 

infection with RSV (p = 0.026, OR = 2.148)170. CNR2 polymorphism may confer 

risk to severe RSV infection.  

1.3.2.6 CXC3R1 

CX3CR1 is a 7-transmembrane G-protein coupled receptor that binds to its 

natural ligand fraktaline and the CX3C motif of the RSV G-protein171. CXC3R1 

are expressed in immune cells, and they recognise and enter inflamed tissue 

to initiate the innate immune system172. The rs3732378 (T280M) 

polymorphism of CX3CR1 results in a substitution from threonine to 

methionine on position 280 resulting in reduced fraktaline binding and antiviral 

immune responses. A study of 82 RSV-infected children and 126 healthy 

control subjects from Greece by Amanatidou et al reported a significant 

association between rs3732378 SNP and risk for severe RSV bronchiolitis173. 

RSV-infected children exhibited predominance of the T/M or M/M genotype 

compared to the control (p = 0.025, OR = 2.03)173. Compared to controls, the 

T/M or M/M genotype were significantly higher in RSV-infected individuals with 

oxygen saturation of less than 92% (p = 0.006, OR = 3.8) and individuals 

requiring oxygen (P = 0.019, OR = 2.2)173. The authors hypothesised that the 
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rs3732378 polymorphism may increase affinity for RSV G protein and enable 

viral entry by inhibiting the fraktaline and antiviral immune response further. 

1.3.2.7 HLA 

The major histocompatibility complex (MHC) is a large complex with an 

essential function in the immune system174. The MHC encodes for 

glycoproteins called the human leukocyte antigens (HLA) which are essential 

for immune response induction and regulation, and the selection of the T cell 

repertoire174. Positioned on the short arm of chromosome 6, the MHC gene 

family is made up of three groups: MHC class I, II and III175. Class I and II are 

highly polymorphic and are involved in antigen processing and presentation176. 

The classical HLA-A, B, C and the non-classical MHC-lb genes E, F and G 

make up the class I genes176. Whereas class II is comprised of genes that 

encode ⍺ and β chains of the class II molecules including DPA1, DPB1, DQA1, 

DQB1, DRA, and DRB1 genes176. Few studies have explored the influence of 

HLA polymorphism on RSV infection. Salas et al conducted a whole exome 

sequencing of 54 children with RSV diagnosis and control group from the 1000 

Genomes Project177. They reported an association between rs1047985 HLA-

DQA1 (p = 2.21 x 10-10) and RSV susceptibility177. Moreover, rs935 HLA-DPB1 

(p = 3.51 x 10-8) was also associated with susceptibility to RSV infection177. 

These results suggest that HLA polymorphism may induce susceptibility to 

RSV disease.  

1.3.2.8 IFN-γ 

Interferon gamma (IFN-γ) orchestrates several protective functions in 

response to infections178. IFN-γ exerts its immunomodulatory effect by 

augmenting antigen processing and presentation, promoting an anti-viral state, 

and heightening leukocyte trafficking178. The IFN genes are mapped onto 

chromosome 9 (9q21). Some studies have investigated the effect of IFN-γ 

polymorphisms and RSV infection. Gentile et al conducted a case-control 

study consisting of  77 infants with RSV infection and 107 control subjects from 

the United States179. The rs2430561 of IFN-γ was associated with severity of 

LRTI (p < 0.001) and duration of ICU stay (p = 0.021)179. The IFN-γ CA 

microsatellite (rs3138557) was investigated in 218 patients with RSV 

bronchiolitis and 303 healthy control individuals from China180. There was a 
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lower frequency of CA12 repeats in patients with RSV bronchiolitis compared 

to controls (p = 0.018)180. IFNG polymorphism may influence susceptibility to 

and severity of RSV infection.  

1.3.2.9 IL4 

Interleukin-4 is a cytokine that promotes class switching of B-cells towards IgE 

production and drives differentiation of naïve T cells towards Th2 cells181. IL4 

levels are also elevated during RSV infection and induce type 2 cytokine 

production182. IL4 and IL13 shares the IL13 receptors which is comprised of 

IL4R⍺ binding chain and IL13⍺1 chain183. Several polymorphisms have been 

identified including the rs2243250 polymorphism which is located upstream of 

the transcription initiation site of the IL4 gene on chromosome 5 (5q31)184. The 

polymorphism has been shown to enhance transcription and overexpression 

of IL4184. The association between IL4 polymorphisms and RSV infection have 

been investigated in several studies. In a study population of 200 RSV-infected 

children and 447 control subjects from the Netherlands, Hoebee et al found 

that the -589T allele of rs2243250, which is associated with increased 

promoter activity, was significantly higher in RSV group than controls (p = 0.04, 

OR = 1.43)185. 

 Zhang et al reported significant differences in frequencies of -590C/T of 

rs2243250, and -33C/T of rs2070874 in Chinese Han children. The study 

sample consisted of 218 patients with RSV bronchiolitis and 303 control 

subjects186. The frequency of the T allele of rs2243250 was higher in the RSV 

group compared to the control group (p = 0.003, OR = 1.69)186. Moreover, a 

gene-region association study of the 5q31 cytokine cluster was conducted by 

Forton et al in 782 RSV cases and 1045 controls of white European 

ancestry187. The following IL4 polymorphisms showed association with 

increased risk of severe RSV bronchiolitis at the genotype level: rs2243250 (p 

= 0.05), rs2070874 (p = 0.012), rs734244 (p = 0.042), rs2243270 (p = 

0.023)187. Whereas association with increased risk of severe RSV bronchiolitis 

at the allele level was exhibited by the following polymorphisms:  rs2070874 

(p = 0.049), rs2227284 (p = 0.028), rs2243270 (p = 0.032)187. 
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There have been a few studies that did not find a significant association 

between IL4 polymorphisms and RSV infection. A case-control study by Marr 

et al on 240 Canadian children with severe RSV-induced bronchiolitis and 285 

control subjects could not replicate the association of IL4 SNP with RSV 

disease severity188. Furthermore, Puthothu et al also could not replicate the 

association between  the -590C/T of rs224325 and severe RSV infection in 

their cohort of 131 RSV-infected children and 270 control subjects189. The 

differences in population groups could reflect the contradictory nature of the 

findings in research. Polymorphisms of IL4 receptor have also been explored 

to see whether they influence susceptibility to or severity of RSV infection. 

Tapia et al used a candidate-gene approach to investigate whether IL4R 

polymorphisms influence RSV infection in 60 infants with moderate RSV 

infection and 58 with severe RSV infection190. Higher frequency of G allele of 

rs1801275 was observed in infants with severe RSV infection compared to 

moderate infection (p = 0.047, OR = 1.85)190. The rs1801275 SNP influences 

the structure of the IL4R⍺ binding chain and signalling pathways183. The Ile/Ile 

genotype of rs1805010 was less frequently found in infants with RSV infection 

who went on to develop recurring wheezing compared to those who did not 

develop wheezing (p = 0.046, OR = 0.14)190.  

1.3.2.10 IL6 

As outlined above on section 1.5.1.1 IL6 stimulates the innate and adaptive 

immune response. Elevated levels of IL6 have been associated with RSV 

infection risk191. Interestingly, study by Gentile et al revealed that low IL6 

production rs1800795 polymorphism was significantly associated with severity 

of RSV infection including the length of hospital stay (p = 0.009) and length of 

oxygen supplementation (p = 0.025)179. This could be attributed to IL6 inducing 

expression of nasal and upper respiratory disease but protecting against 

expression of lower airway disease179.  
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1.3.2.11 IL8 

The pro-inflammatory cytokine interleukin-8 is produced by a variety of 

different cells for example macrophages, lymphocytes, fibroblasts, epithelial 

and endothelial cells. Secretion of IL8 stimulates trafficking of neutrophiles to 

sites of inflammation. Concentration of IL8 elevates during RSV infection and 

is linked to disease severity192. The IL8 gene comprises of four exons and three 

introns193. Several nuclear factors found on the 5’-flanking region of the IL8 

gene synergistically activate the IL8 gene with NF-κB and activator protein 1 

(AP-1)/ CCAAT-enhancer-binding proteins (C/EBP)193. The rs4073 

polymorphism and its association with RSV infection have been reported in 

several studies. Following genotyping of 117 infants with bronchiolitis and 180 

healthy infants, Hull et al identified IL-251A allele of the rs4073 SNP at 251bp 

upstream from the IL8 transcription start site194. A significant increase of the 

frequency of A allele, which is associated with elevated IL8 production, was 

observed in infants with RSV bronchiolitis from the UK (p = 0.014)194. 

Furthermore, 53 out of the 83 infants with rs4073 SNP required oxygen therapy 

for more than two days and seven required mechanical ventilation194. These 

results suggest that the A allele of rs4073 SNP near the IL8 gene may confer 

genetic pre-disposition to RSV disease severity194. 

Goetghebuer et al reported higher frequency of the rs4073 A allele among 

children who experienced wheezing post-bronchiolitis compared to the control 

group (p = 0.02)195. The study cohort consisted of 134 children with RSV-

induced bronchiolitis and 706 control children from the UK195. In contrast, a 

case-control study of 101 RSV-induced pneumonia patients and 101 

pneumonia patients by Lu et al found that the T allele of rs4073 was higher in 

the RSV-pneumonia group compared to controls (p = 0.0002, OR = 2.08)196. 

The difference in the risk allele could potentially be due to variation in different 

population groups. Furthermore, the rs4073 polymorphism does not have a 

direct effect on IL8 function. However, the association with a range of different 

human diseases suggests that the polymorphism is a marker for functional 

variability195. Fine mapping studies have suggested that the effect on the 

disease association is located on a region consisting of IL8 and RSS56 gene. 

RSS56 does not seem to have a known immuno-modulatory function195.  
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1.3.2.12 IL10 

Interleukin-10 is an anti-inflammatory cytokine which is produced by different 

cell types such as monocytes, T helper cells, dendritic cells, and macrophages 

depending on the tissue type, time stage of the infection and the stimulus 

response143. Upon receptor binding, JAK/STAT signalling is activated which 

results in inhibition of pro-inflammatory cytokines secretion, reduction in 

antigen presentation and phagocytosis197. IL10 is encoded by the IL10 gene 

on chromosome 1 (1q31-31)143. Furthermore, production of IL10 has shown to 

be induced upon RSV infection198. IL10 gene has multiple polymorphism 

including those that regulate IL10 promoter activity such as rs1800896 (-

1082G/A) and rs1800872 (-592C/A). The rs1800896 is located in a negative 

putative transcription factor binding site and is a G to A substitution145. 

Whereas the rs1800872 SNP is found in a region with a putative negative 

transcription factor binding site and confers a C to A substitution145. Studies 

have focused on IL10 polymorphism and their effect on RSV infection. A study 

by Gentile et al reported that the low IL10 production genotypes of rs1800896 

polymorphism was associated with increased frequency of pneumonia 

development following RSV infection (p = 0.02)179. Moreover, Drysdale et al 

reported significant association between the C allele of rs1800872 SNP and 

parental reported wheeze following RSV-induced LTRIs (p = 0.045)154. 

Parental reported wheezing was significantly lower in infants with AA genotype 

compared to AC genotype (p = 0.045)154. These results suggest that IL10 

polymorphisms may increase the likelihood of developing a severe RSV 

infection.  

1.3.2.13 IL13 

The cytokine interleukin-13 (IL13) is an immunoregulatory cytokine which is 

predominantly secreted by activated Th2 cells199. As an important mediator of 

allergic inflammation  pathogenesis, IL13 functions through the IL13R⍺1/IL4R⍺ 

complex and activates STAT6 to regulate this inflammation200. IL13 is 

implicated in mucus secretion and hyperresponsiveness of the airway 

following RSV infection201. Few studies have inspected the influence of IL13 

polymorphisms on susceptibility and severity to RSV infection. The Gln allele 

of rs20541 was reported by Ermers et al to be found more frequently among 
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children with late wheezing following RSV infection (p = 0.007, OR = 3.27)202. 

The study population consisted of 73 children with RSV-induced LRTI, and 447 

controls subjects from the Netherlands202. The rs20541 polymorphism 

encodes an amino acid change from arginine to glutamine on position 130. 

This amino acid switch may potentially change the affinity towards the IL13R⍺1 

chain of the IL4/IL13 receptor202. 

A study by Puthothu et al reported that -1112C/T genotype of rs1800925 SNP 

was significantly associated with severe RSV infection (p = 0.026)189. The 

cohort comprised 131 RSV-infected children and control group of 270 

individuals from Germany189. The -1112C/T genotype of rs1800925 SNP was 

overrepresented in children with severe RSV disease189. The polymorphism is 

thought to modify IL13 expression of binding of nuclear factors to the IL13 

promoter189. However, it is important to note that the close proximity of IL4 and 

IL13 and the similarity in their function means that it is hard to decipher the 

influence of the polymorphisms from both IL13 and IL4 on RSV disease189. 

Furthermore, a study by Choi et al found no association between IL13 -

1512A/C of rs181457, -1112C/T of rs1800925 and G2044A of rs20541 and 

RSV infection in the study population of 105 RSV-infected children and 315 

control subjects203. 

1.3.2.14 IL15 

Interleukin-15 (IL15) is essential for the development, differentiation, and 

survival of natural killer cells204. IL15 modulates innate and adaptive immunity 

by facilitating the development of protective and inflammatory immune 

response to pathogens204. Via viral replication and NF-κB dependent 

mechanisms, production of IL15 is increased following RSV infection205. IL15 

is encoded by the IL15 gene found on the 4q31 chromosome206. The gene 

spans 35 kb and is composed of nine exons and eight introns207. A study by 

Janssen et al found that the T allele of rs2254514 showed association with 

RSV susceptibility (p = 0.0260)208. The cohort consisted of 470 children with 

RSV-induced bronchiolitis and 1008 controls from the Netherlands208.  
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1.3.2.15 IL17 

Interleukin-17 (IL17) is a proinflammatory cytokine that is involved in immune 

response and inflammation209. IL17 stimulates the release of other cytokines, 

chemokines, and antimicrobial peptides from myeloid and mesenchymal 

cells209. A significant increase has been reported in IL17 production during 

RSV infection210. Furthermore, this increase has been positively associated 

with severity of pneumonia (Long). IL17 gene is positioned on chromosome 

6211. Polymorphism of IL17 gene has also been associated with RSV 

susceptibility in literature. Association between G/G genotype of the rs7747909 

polymorphism and RSV susceptibility was reported by Janssen et al (p = 

0.0455)208.  

1.3.2.16 IL18 

Pro-inflammatory cytokine interleukin-18 (IL18) stimulates the immune 

response and enhances Th1 response by inducing gamma interferon 

production212. Bronchiolitis induced by RSV has also been shown to be 

accompanied by elevated nasal IL18 response213. The IL18 gene consists of 

seven exons and is located on chromosome 11. Several polymorphisms of 

IL18 gene exist including the intronic variant rs360721. A study by Puthothu et 

al examined the influence of various IL18 polymorphism on RSV infection214. 

The genotype analysis of 154 children with severe RSV infection and 270 

control subjects from Germany was conducted214. A significant association 

between 133C/G of the rs360721 SNP and severe RSV infection was found (p 

=  0.043)214.  

1.3.2.17 JARID2 

Jumonji and AT-rich interaction domain containing 2 (JARID2) are histone 

demethylases that are critical for recruiting epigenetic regulators called the 

polycomb repressive complexes (PRCs)215. PRCs are responsible for 

haematopoietic stem and progenitor cell function215. The JARID2 gene is 

located on the short arm of chromosome 6216. In comparison to case-control 

studies focusing on cytokine genes, the influence of JARID2 on RSV infection 

has been relatively understudied. However, a whole exome sequencing study 
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by Salas et al of 54 identified an association between rs72837837 of JARID2 

and RSV susceptibility (p = 7.59 x 10-07)177. 

1.3.2.18 JUN 

The oncogene Jun encodes the protein c-Jun which is part of the activation 

protein 1 (AP-1) family of transcription factors217. c-Jun is involved in various 

processes such as apoptosis, progression of the cell cycle and 

differentiation217. Upon expression, c-Jun forms dimers with another AP-1 

protein called c-Fos to form AP-1218.  Furthermore, c-Jun has also been shown 

to protect human tumor cells from DNA damage-induced apoptosis217. Only a 

few studies have looked at the impact of JUN polymorphisms on RSV infection 

susceptibility and severity. Janssen et al reported a strong association 

between A allele of rs11688 (p = 0.0093) and G/A genotype (p = 0.0285) and 

RSV bronchiolitis has been reported208.  

1.3.2.19 MARCO 

Macrophage receptor with collagenous structure (MARCO) is part of the class 

A scavenger receptor family219. Expressed on the surface of macrophages, 

MARCO binds to unopsonised pathogens to enable ingestion by 

macrophages219. The MARCO gene has been mapped to chromosome 2 

(2q14)220. A study by High et al looked at the influence of MARCO 

polymorphism in a case-control study consisting of 189 infants with severe 

RSV bronchiolitis and 109 infants with mild RSV bronchiolitis from Argentina. 

A significant association between rs1318645 polymorphism and a greater risk 

of RSV disease was reported (p = 0.017)221.  

1.3.2.20 MMPs 

Matrix metalloproteinases (MMPs) constitute a family of proteases which 

disintegrate the extracellular matrix during angiogenesis, tissue remodelling 

and metastasis222. They cleave major components of the extracellular matrix 

such as collagen, casein, gelatin, and elastin223. A study by Drysdale et al 

investigated polymorphism of MMPs on RSV susceptibility and severity. It was 

reported that the rs2664349 and rs2664352 polymorphisms of MMP16 were 

associated with reduced lung function test following RSV infection. The gene 

locus for MMP16 is mapped onto chromosome 8 (8q21.3)224. MMP16, has a 



 58 

role in epithelial-to-mesenchymal-transition (EMT) and migration of neural 

crest cells222. Moreover, MMP16 has been shown to affect pulmonary 

expression and may play a role in alveoli development225.  

1.3.2.21 MUC4 

Mucin-4 (MUC4) is membrane-bound mucin that is deregulated in cancer226. 

The mucin is expressed in numerous cancers such as lung, colon, stomach, 

and pancreatic cancer227. MUC4 is encoded by the MUC4 gene found on the 

chromosome 3q29227. Whole exome sequencing study by Salas et al reported 

association between RSV susceptibility and polymorphisms of the MUC4 

gene: rs201623571 (3.55 x 10-10), rs529417345 (9.40 x 10-10), rs548345415 

(9.40 x 10-10)177.  

1.3.2.22 MX1 

Myxoma resistance 1 (MX1) is an interferon-induced GTP-binding protein 

which has been shown to mediate influenza A virus infection228. MX1 interacts 

with influenza ribonucleoprotein complex and perturbs the interaction between 

polymerase protein 2 and nucleoprotein to restrict with the assembly of the 

complex229. Only a few studies have explored the effect of MX1 polymorphism 

on RSV infection susceptibility and severity. In a case-control study of 374 

infants with RSV infection and 305 healthy controls from Argentina, individuals 

with the A allele of rs469390, which is associated with increased RSV G protein 

expression, had a higher risk of developing severe disease compared to those 

with the G allele (p = 0.021, OR = 1.750)230. 

1.3.2.23 NCF2 

Neutrophil cytosolic factor 2 (NCF2) gene consists of 16 exons with 40 kb and 

is located on chromosome 1 (1q25)231. NCF2 is implicated in different cancers 

such as oesophageal squamous cell carcinoma231 and hepatocellular 

carcinoma232. The NCF2 gene is located on chromosome 1 (1q25)231. Janssen 

et al reported an association between NCF2 polymorphism and RSV infection 

susceptibility208. The AA genotype of rs2274064 polymorphism was associated 

with susceptibility to RSV bronchiolitis (p = 0.0154)208 . 
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1.3.2.24 NOS2A 

As mentioned in section 1.5.1.3, NOS2A is involved in various processes of 

the airways. A study by Drysdale et al observed that TT genotype of rs1060826 

NOS2A was associated with reduced lung function and T allele was associated 

with increased days of coughing symptom154. Janssen et al reported strong 

association between A allele of rs1060826 (p = 0.0031) and G/A genotype (p 

= 0.0117) RSV susceptibility208. 

1.3.2.25 OPRM1 

μ-opioid receptor (MOR) is one of the most common opioid receptors. 

Following a painful stimulus, endogenous opioids are released and bind to 

MOR233. Therefore, they mitigate pain sensation in the absence of opioid 

medication233. MOR is encoded by the OPRM1 gene233. Found on the exon 1 

of OPRM1 gene, the A118G rs1799971 variant is responsible for the amino 

acid substitution from asparagine to aspartate at position 40 of MOR234. 

Studies on rs1799971 polymorphism have mainly focused on pain and opioid 

use233. Salimi et al conducted a case-control study investigating the effect of 

rs1799971 on RSV infection. There was an association between rs1799971 

and RSV disease severity (p = 0.015, OR = 0.731)235.  

1.3.2.26 OR13C5 

Olfaction plays an important role in numerous aspects of life236. The main 

olfactory epithelium located in the upper region of the nose detects the 

odorants236. The odor molecules interact with olfactory sensory neurons 

through the odorant receptors236. Upon binding of the molecules to the 

receptors, an electrical signal is transmitted to the olfactory bulb in the brain 

which results in perception to the odour and emotion and behaviour 

response236. Olfactory receptors are expressed in numerous tissues including 

those of the lungs and play a role in cell proliferation, migration, and 

secretion237. Polymorphism of olfactory receptors have been relatively 

understudied with regards to RSV infection. Whole exome sequencing of 54 

patients with RSV bronchiolitis by Salas et al showed association (p = 2.53 x 

10-12) between rs199665292 polymorphism of olfactory receptor 13C5 

(OR13C5) gene and RSV susceptibility177. Several reports have shown 
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respiratory viruses can infect the epithelium of the olfactory nerve that 

connects to the nasal cavity177. Although RSV does not pose a threat as a 

neurovirulent virus, Riel et al suggested that the neural route could potentially 

be used by RSV as a shortcut238.  

1.3.2.27 SNAI3-AS1 

The long non-coding RNA SNAI3 Antisense RNA1 (SNAI3-AS1) induces EMT 

to promote the growth of hepatocellular carcinoma (HCC) and metastasis239. 

SNAI3-AS1 binds to frameshift protein 1, regulated mothers against 

decapentaplegic homolog 7 (SMAD7) expression and activates the TGF-

B/SMAD pathway which affects HCC tumorigenesis239. The role of SNAI3-AS1 

polymorphism in RSV infection has been reported by Salas et al. The 

rs3794628 polymorphism showed association with RSV susceptibility (p = 8.52 

x 10-7)177.  

1.3.2.28 Surfactant Proteins 

Surfactant proteins (SP) are calcium-dependent collagenous lectins240. SP-A 

and SP-D are involved in innate immune response, and they employ a diverse 

range of mechanisms such as opsonisation and aggregation to neutralise 

viruses241. SP-B and SP-C function in metabolism and recycling of surfactant 

and facilitates the spreading of surfactant across the lining of the alveoli240. 

The genes involved in encoding of SP-A and SP-D are located on the long arm 

of the chromosome 10q22-q23240. Löfgren et al investigated the association 

between SPA polymorphisms and severe RSV infection using 86 RSV-infected 

infants and 95 control individuals. The frequency of SP-A2 allele 1A3 of 

rs1965708 was significantly overrepresented in infants with RSV compared to 

the control group (p = 0.006)242. Furthermore, the frequency of infants with 

severe RSV carrying the allele pool with lysine at amino acid 223 instead of 

glutamine (Q223K) of rs1965708) was higher compared to the control group 

(p = 0.023)242. Position 223 is found in the carbohydrate binding domain which 

facilitates binding between RSV and SP-A. This substitution of glutamine to 

lysine on position 223 may modify RSV binding and alter susceptibility to RSV 

infections242. 
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Association between reduced lung function and an increase in the A allele of 

the SFTPC polymorphism was also associated with the number of parental 

reported visits to the hospital for RSV infection154. Few studies have also 

investigated the association of SP-D on RSV infection. A study by Ampuero et 

al researchers reported that Thr11 (C allele) of SP-D rs721917 was significantly 

more common in RSV-infected infants than control subjects (p = 0.0046) from 

Chile243. Thr11/Met11 (CT genotype) of SP-D rs721917 was more commonly 

found in infants with severe RSV compared to control group (p = 0.037)243. 

Furthermore, Thr160 (A allele) of SP-D rs2243639 was significantly more 

common in the RSV group compared to infants with mild infection (p = 0.018) 

and control subjects (p = 0.046)243. In contrast, a study by Lahti et al reported 

significant increase of Met11 allele (rs1059046) in infants with severe RSV244. 

Higher frequency of Met11 allele was found in the RSV group compared to 

controls in a cohort consisting of 84 infants with severe RSV and 93 controls 

from Finland (p = 0.033)244. The amino acid switch in position 11 caused by 

the polymorphism affects the function of the protein244. Found near the amino 

acids Cys15 and Cys20, the amino acid at position 11 are implicated in the 

disulphide bonding of the subunits of SP-D molecule244. The disulphide bridges 

are important for stabilisation of SP-D structure and maintenance of antiviral 

capacities244. The rs1059046 polymorphism may disrupt the disulphide bridges 

and subsequently the SP-D structure244. 

1.3.2.29 TNF 

Tumor necrosis factor (TNF) family consists of TNF alpha (TNF⍺), TNF beta 

(TNFβ), Fas ligand (FasL), LIGHT, CD40 ligand (CD40L), TNF-related 

apoptosis inducing ligand (TRAIL)245. Numerous pathological and 

physiological processes are mediated by TNF such as tumor cell necrosis and 

apoptosis245. TNF has an important role in the defence to viral, bacterial, and 

parasitic infections246. RSV infection has been shown to drive disease 

pathogenesis through necroptosis of alveolar macrophages247. Positioned on 

chromosome 6, TNF⍺ and TNFβ genes are 3 kb and consists of 4 exons245. 

Few studies have looked at the influence of TNF polymorphism on RSV 

infection. Janssen et al documented the association between the C/T genotype 

and RSV infection susceptibility (p = 0.0363)208. 
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1.3.2.30 VCAM-1 

Vascular cell adhesion molecule-1 (VCAM-1) is a cell adhesion molecule that 

facilitates inflammation-induced vascular adhesion and the trans-endothelial 

migration of leukocytes 248. VCAM-1 has also been associated with the 

progression of multiple immunological disorders such as asthma, rheumatoid 

arthritis, cancer, and transplant rejection248. The levels of VCAM-1 are 

upregulated following RSV infection249. Furthermore, association between C 

allele of rs1041163 and RSV susceptibility has been reported by Janssen et al 

(p = 0.0469)208.  

1.3.2.31 Toll-like Receptors 

Toll-like receptors are pattern recognition receptors that support the innate 

immune system through the recognition of pathogen-associated molecular 

patterns (PAMPs) from pathogens250. One of the TLRs, TLR4, is expressed by 

immune system cells such as macrophages, monocytes, and dendritic cells251. 

TLR4 recognises PAMPs which triggers proinflammatory response251. During 

RSV infection, the RSV F protein binds to the hydrophobic pocket of the 

myeloid differentiation factor (MD-2)/TLR4 complex to facilitate activation of 

RSV251. Various studies have investigated the association of TLR4 

polymorphisms and RSV infection. In a study population of 99 infants with 

RSV-induced bronchiolitis and 90 healthy adults, Tal et al reported that there 

was a significant overrepresentation of rs4986790 polymorphism in the RSV 

group compared to the control group (p = 0.009)252. A significant 

overrepresentation of the rs4986790 polymorphism was reported in the RSV 

group compared to infants with mild bronchiolitis (p = 0.003)252. The 

polymorphism confers an aspartate-to-glycine substitution in the TLR4 

protein252. Overrepresentation of the rs4986791 polymorphism, a threonine-to-

isoleucine transition at position 399, was also found in infants with severe RSV 

bronchiolitis compared to infants with mild bronchiolitis (p = 0.01) and control 

group (p = 0.009)252.  
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Analysis of 105 RSV-infected children and 7092 controls by Awomoyi et al 

identified an overrepresentation of A/G (Asp/Gly) genotype of rs4986790 in 

RSV group compared to the control group (p < 0.0001)253.  Heterozygosity for 

the C/T (Thr/Ile) genotype of rs4986791 was frequently found in the RSV group 

compared to controls (p < 0.0001)253. The results suggest that heterozygosity 

of rs4986790 and rs4986791 is associated with increased susceptibility to RSV 

infection. However, Paulus et al reported no association between the A/A, A/G 

or G/G of rs4986790 and susceptibility to RSV infection in a study population 

of 131 RSV-infected children and 277 control subjects from South-West 

Germany254. This suggests that different genetic factors of different ethnic 

groups may contribute to severity of RSV infection. Similar to TLR4, TLR8 

recognises pathogens and has importance in mediating innate immunity.  

TLR8 can also sense RNA degradation products in human phagocytes255. The 

gene encoding TLR8 is positioned within a 56 kb interval on the X 

chromosome256. The G allele of rs2407992 was associated with susceptibility 

to RSV infection (p = 0.0433)208.  

1.3.2.32 Vitamin D Receptor 

Low vitamin D level is postulated to be a risk factor for RSV infection due to its 

role in immune response against viral infections and the low vitamin D 

production during winter where cases of RSV infection are higher257. Vitamin 

D Receptor (VDR) facilitates the biological function of vitamin D therefore 

polymorphism may potentially influence vitamin D signalling and RSV 

infection257. Vitamin D has been shown to reduce the inflammatory response 

towards RSV infection in the airway epithelium258. Therefore adequate levels 

of vitamin D may contribute to less severe RSV disease258. Polymorphism of 

the vitamin D receptor and its association with RSV infection has been the 

subject of some studies. Janssen et al reported an association between 

rs10735810 and RSV susceptibility (p = 0.0017)208. The rs10735810 

polymorphism is a start codon polymorphism resulting from a C-to-T transition 

and is found three codons upstream from the second initiation codon (ATG)259. 

This polymorphism contains a FokI site which results in a protein that is three 

amino acids longer than the protein encoded by major F allele259. 
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The relationship between rs10735810 polymorphism and RSV infection was 

examined by Kresfelder et al in 296 RSV-infected infants and 113 healthy 

infants. The heterozygous C/T genotype of rs10735810 SNP was present 

among a higher proportion of the RSV group compared to the control group (p 

= 0.008)260. The allele frequencies of the minor T allele of rs10735810 were 

higher in the RSV group in contrast to the control group (p = 0.006) suggesting 

predisposition to RSV disease260. These results suggest that the rs10735810 

SNP exhibits an association with the South African population and highlights 

the importance of the VDR in RSV disease. Moreover, Drysdale et al reported 

association between reduced lung function and the T/T genotype of 

rs10735810 SNP following RSV-induced LRTI (p = 0.05)154. 

1.3.3 SARS-CoV-2 

1.3.3.1 ABO 

The ABO blood group system has an essential role in transfusion and 

transplantation261. Blood group A has been reported to enhance SARS-CoV-2 

infection262. Increased risk in the need for mechanical ventilation and 

prolonged ICU admission has been identified in patients with A or AB blood 

group and a critical ill COVID-19 infection263. Seven exons comprise the ABO 

gene with a 1062 bp coding for a glycotransferase261. The Severe COVID-19 

GWAS Group found an association with COVID-19 induced respiratory failure 

and the rs657152 polymorphism positioned at chromosome 9 (9q34.2) (p = 

4.95 x 10-8, OR = 1.32). The study cohort consisted of 835 COVID-19 patients 

and 1255 control subjects from Italy and 775 COVID-19 patients and 950 

control subjects from Spain. The distribution of ABO blood groups was skewed 

among COVID-19 patients with respiratory failure who had mechanical 

ventilation264. Higher risk was reported among individuals with blood group A 

(OR = 1.45) whereas protective effect was found in blood group O (OR = 

0.65)264. Niemi et al reported association between rs912805253 ABO and 

SARS-CoV-2 infection265. It is important to note however that allele frequencies 

of the ABO, for example A, B, AB and O, differs across different populations266. 

Therefore, the  association could be false-positive due to inflated test statistic 

created by population stratification. The studies by Severe COVID-19 GWAS 

Group and Niemi et al controlled for population stratification.  
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1.3.3.2 ACE 

First identified as an important part of the renin-angiotensin system, 

Angiotensin converting enzyme (ACE) regulates electrolyte balancing, 

converts angiotensin I to angiotensin II for the purpose of vascular remodelling 

and degrades the peptide bradykinin to regulate blood pressure267. ACE is 

encoded by the ACE gene which is composed of 26 exons268. Following 

splicing of exon 13, the mature transcript is composed of 25 exons268. Located 

at 17q23.3 locus, ACE gene possesses a functional polymorphism rs4646994 

in intron 16 which exists in the form of insertion (I) allele and deletion (D) allele 

of 289 bp Alu repeat269. Hubacek et al investigated the effect of rs4646994 on 

SARS-CoV-2 infection using a cohort of 408 SARS-CoV-2 positive individuals 

and 2559 control subjects from Czech Republic270. A significant increase in the 

frequency of I/I homozygotes was observed in SARS-CoV-2 patients 

compared to controls (p = 0.02, OR = 1.55)270. This difference was shown to 

be driven by symptomatic subjects which comprised 60% of the case subjects 

(p = 0.002, PR = 1.78). This suggests that individuals with I/I homozygotes are 

at increased risk of symptomatic COVID-19. Verma et al also studied the 

rs4646994 polymorphism in a study population of 149 patients with mild 

COVID-19 disease and 120 patients with severe COVID-19 disease from 

India271. The I allele was significantly less frequent in severe COVID-19 

patients (p = 0.004, OR = 2.59)271. Whereas individuals with D/D genotype 

showed 3.69-fold higher risk of COVID-19 severity (p = 0.002). 

1.3.3.3 ACE2 

ACE2 is the functional host receptor for SARS-CoV-2 and expressed 

abundantly in a diverse range of cells in different organs272. ACE2 plays an 

important role in the regulation of blood pressure and electrolyte 

homeostasis272. The enzyme catalysis the conversion of angiotensin I to 

angiotensin II which then facilitates renal sodium reabsorption, 

vasocontraction, potassium excretion, blood pressure elevation and initiation 

of pro-fibrotic and inflammatory pathways272. The ACE2 gene is located on the 

X chromosome273. As the receptor for SARS-CoV-2, ACE2 and its 

polymorphism has been the subject for several studies. Mohlendick et al 

genotyped the rs2285666 ACE2 polymorphism in 297 SARS-CoV-2 patients 



 66 

and 253 SARS-CoV-2 negative patients from Germany274. A significant 

association was found between the G allele (p = 0.02) and the G/G genotype 

(p = 0.02) and SARS-CoV-2 infection susceptibility274. Carriers with the G/G 

genotype had a three-fold increase in developing a serious SARS-CoV-2 

infection (p = 0.0020). Horowitz et al reported that the expression of ACE2 was 

downregulated by 37% (p = 2.7 x 10-8) and the risk of SARS-CoV-2 infection 

was decreased by 40% (p = 4.5 x 10-13) by the 190509934 polymorphism275. 

These results suggest that the ACE2 polymorphism influences the 

susceptibility and severity of SARS-CoV-2 infection.  

1.3.3.4 ACSL6 

Long-chain acyl-coenzyme A synthetase 6 (ACSL6) is a member of an enzyme 

family that helps convert long-chain fatty acids into their active form276. ACSL6 

is essential for the maintenance of docosahexaenoic acid-containing 

glycerophospholipids276. The ACSL6 gene is mapped onto chromosome 5 

(5q31)277. Polymorphism of ACSL6 and its influence on SARS-Cov-2 infection 

have been explored in some studies. A GWAS study by Kousathanas et al 

revealed a genome-wide association between rs56162149 and critical COVID-

19 (p = 7.65 x 10-11, OR = 1.2)278. The study cohort consisted of 7491 critically 

ill individuals with COVID-19 and 48400 controls278.  

1.3.3.5 APOE 

Apolipoprotein E (APOE) is a multifunctional protein involved in the assembly 

and metabolism of lipoproteins279. APOE functions in injury repair of the brain 

and so APOE polymorphisms have been investigated in studies involving 

neurodegenerative disorders280. APOE has been shown to interact with ACE2 

and inhibit the cellular entry of SARS-CoV-2 and reduce inflammation in 

patients with COVID-19281. The APOE gene is located at 19q13 and is 

polymorphic282. The gene encodes one of the three common alleles ε2, ε3 and 

ε2 from a combination of two non-synonymous polymorphisms rs429358 and 

rs7412282. This gives rise to three homozygous genotypes (ε2ε2, ε3ε3, ε4,ε4) 

and three heterozygous genotypes (ε2 ε3, ε2ε4, ε4ε4)282. Espinosa-Salinas et 

al explored the association between SARS-CoV-2 infection and rs7412 

polymorphism. The study population consisted of 50 individuals with SARS-

CoV-2 infection, 58 individuals with uncleared SARS-CoV-2 infection and 141 
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with no infection283. A significant association between the T allele of rs7412 

and SARS-CoV-2 infection was found (p = 0.039, OR = 0.216)283. The allele 

was found to play a protective role against the infection.  

1.3.3.6 ATP11A 

ATPase phospholipid transporting 11A (ATP11A) is a phospholipid transferase 

and regulates phospholipid asymmetry to maintain cell signalling, vesicular 

transportation, and apoptosis284. Polymorphism of ATP11A has been 

associated with COVID-19 severity. Kousathanas et al reported a genome-

wide association between critical COVID-19 and rs9577175 (p = 3.71 x 10-11, 

OR = 1.2)278.  

1.3.3.7 BCL11A 

B-cell lymphoma/leukaemia 11A (BCL11A) is a zinc-finger protein that acts as 

a transcriptional repressor285. BCL11A is essential in the development of the 

brain and hematopoietic system and switching of foetal-to-adult 

haemoglobin285. BCL11A is also involved in the differentiation of leukocytes278. 

The BCL11A gene is located on chromosome 2286. Kousathanas et al reported 

a genome-wide association between rs1123573A and critical COVID-19 (p = 

9.85 x 10-10, OR = 1.1)278. This suggests that the BCL11A polymorphism may 

confer a genetic predisposition to COVID-19 severity. 

1.3.3.8 CCHCR1 

Coiled-coil alpha-helical rod protein 1 (CCHCR1) is a protein implicated in 

hyperproliferative skin disorders such as psoriasis and eczema287. The 

expression of CCHCR1 has been shown to be altered on psoriatic skin 

compared to healthy skin287. The CCHCR1 gene is found within the major 

psoriasis susceptibility locus PSORS1287. Association between CCHCR1 and 

severity towards COVID-19 infection have been reported in literature. 

Genome-wide association between rs143334143 and critical COVID-19 

infection was identified by Pairo-Castineira et al (p = 8.8 x 10-18, OR = 1.8)288.  
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1.3.3.9 DPP9 

Dipeptidyl peptidase 9 (DPP9) possesses peptidase and enzymatic activities 

that have been associated with several diseases such as cancers289. DPP9 

has been documented to modulate signalling cascades to regulate cell 

proliferation and survival289. An increase in DPP9 expression has been found 

in patients with COVID-19290. Several studies have looked at the influence of 

DPP9 on RSV infection. Genome-wide significant association between the risk 

allele A of rs2109069 on chromosome 19p13.2 and critical COVID-19 has been 

reported (p = 4.99 x 10−8, OR = 1.4)288. The serine protease encoding DPP9 is 

implicated in inflammasome activation and so may be involved in SARS-CoV-

2-induced inflammatory lung injury288. Niemi et al reported genome-wide 

association between rs2109069 and increased risk of severe COVID-19 

symptoms (p = 2.76 x 10-17)265. These results suggest that variants of DPP9 

may confer susceptibility to or severity of SARS-CoV-2 infection.  

1.3.3.10 EFNA4 

Ephrin A4 (EFNA4) acts as an oncogene in several cancers including 

hepatocellular carcinoma where the protein is highly expressed291. 

Overexpression of EFNA4 has been shown to contribute to the growth of lung 

tumour cells and poor prognosis of lung cancer292. In severe cases of COVID-

19 the expression of EFNA4 has shown to be upregulated293. EFNA4 is 

encoded by the E4NA4 gene which is located on chromosome 1294. 

Polymorphism of EFNA4 has been reported to be associated with critical 

COVID-19 disease. Kousathanas et al identified a genome-wide association 

between rs114301457 and critical COVID-19 (p = 6.8 x 10-10, OR = 2.4)278. 

1.3.3.11 ELF5 

E74-like factor 5 (ETS domain transcription factor) is a member of the ETS 

transcription factors which are involved in cellular proliferation and 

tumorigenesis295. ELF5 has important regulatory roles including determination 

of trophectoderm cell fate, development of the mammary gland and 

differentiation of mammary luminal progenitor cells296. ELF5 is expressed in 

multiple organs including the lungs, kidney, stomach, mammary gland, 

prostate and the bladder295. Gene encoding ELF5 is mapped onto 
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chromosome 11 (11p13-15)295. A GWAS study identified a genome-wide 

association between rs61882275 and critical COVID-19 (p = 1.61 x 10-10, OR 

= 1.1)278. This suggests that the polymorphism may increase the risk of 

developing severe COVID-19 disease.  

1.3.3.12 FOXP4  

Forkhead box transcription factors are implicated in several differentiation and 

developmental processes in particular mediation of neuronal and lung cell 

differentiation and the development and function of T cells297. Forkhead box 

P4 (FOXP4) has been shown to be induced upon exposure to a thermogenic 

stimuli and regulates the thermogenic functionality of adipocytes297. The 

FOXP4 gene is localised on chromosome 6. Few studies have looked at the 

influence of FOXP4 polymorphisms on SARS-CoV-2 infection. A genome-wide 

association between increased risk of severe COVID-19 symptoms and 

rs1886814 FOXP4 has been reported (p = 1.11 x 10-9)265. 

1.3.3.13 FUT2 

Galactosidase 2-alpha-L-fucosyltransferase 2 (FUT2) is implicated in 

secretory status of ABO antigens. The FUT2 gene is positioned on the 

19q13.33 chromosome and comprises a 6865 bp intron between 2 exons of 

118 bp and 2995 bp298. Polymorphism of FUT2 and its association with COVID-

19 has been the subject of some studies. A genome-wide association was 

reported between rs368565 and critical COVID-19278. The rs368565 

polymorphism may genetically pre-dispose an individual to develop severe 

COVID-9 illness.  

1.3.3.14 HLA-G 

As outlined on HLA play an important role in regulating the immune system. 

Pairo-Castineira et al identified a genome-wide association between 

rs9380142 HLA-G and critical COVID-19 illness (p = 3.2 x 10-8, OR = 1.3)288. 

Whereas Kousathanas et al reported genome-wide association between 

rs9271609 HLA-DRB1 and critical COVID-19 (p = 3.26 x 10-9, OR = 1.1). These 

results suggest that polymorphisms of HLA may confer susceptibility and 

severity of COVID-19.   



 70 

1.3.3.15 IFITM3 

Interferon-induced transmembrane protein (IFITM3) has an anti-viral role and 

helps prevent viruses from crossing the lipid bilayer299. IFITM3 on endocytic 

vesicles have been shown to fuse with virus particles and stimulate viral 

trafficking to lysosomes where they are degraded300. IFITM3 has also been 

shown to inhibit the entry of SARS-CoV-2301. Several polymorphisms of IFITM3 

have been identified including rs12252 SNP which is located within the first 

exon of IFITM3 gene302. The rs12252 SNP, which results in the substitution of 

the majority T allele for C allele, modifies the splice acceptor site303. This 

results in a truncated form of the IFITM3 protein with a reduced antiviral 

capacity304. Mulla et al reported the C/C genotype of rs12252 was significantly 

associated (p < 0.001) with COVID-19 severity in a study population of 84 

COVID-19 patients and 28 control subjects from Bangladesh305. The truncated 

form resulting from the rs12252 SNP could be a possible explanation for the 

disease severity however studies with larger population samples and 

structural-functional studies should be conducted to verify the role of the SNP. 

Whereas Schönfelder et al found no association between C allele or T/C 

genotype of rs12252 and A allele or G/A genotype of rs34481144 SNP and risk 

of SARS-CoV-2 severity in their analysis of 239 SARS-CoV-2 individuals and 

253 control subjects306. Found on the regulatory region of IFITM3 gene, the 

rs34471144 SNP alters the transcriptional regulation by altering the binding 

affinity of transcription factors306. The deleterious CC genotype of the rs12252 

SNP was only found in 2 SARS-CoV-2 positive individual306. Further research 

should be conducted using a larger cohort to validate the findings. 

1.3.3.16 IFNAR2 

Type 1 interferons (IFN-Is) are a cytokine family that are important for 

modulating the innate and the adaptive immune system against pathogens307. 

IFN-Is bind to cell surface receptors consisting of IFNAR1 and IFNAR2 

subunits. IFNAR1 is associated with tyrosine kinase 2 (TYK2) whereas 

IFNAR2 is associated with Janus kinase 1 (JAK1)307. Upon IFN-1 binding, the 

two subunits are brought close together which drives cross-phosphorylation of 

TYK2 and JAK1 and the subsequent phosphorylation of tyrosine residues in 

the intracellular domain of the receptor subunits307. In individuals with severe 
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COVID-19, the levels of IFNAR2 were found to be higher than those with milder 

infection308. IFNAR2 polymorphisms and its association with COVID-19 have 

been the subject of several studies. Niemi et al reported association between 

rs13050728 IFNAR2 and SARS-CoV-2 infection265. Whereas Kousathanas et 

al identified an association between rs17860115 IFNAR2 and critical COVID-

19 (p = 9.69  x 10-22, OR = 1.2)278. Moreover, Pairo-Castineira et al found a 

genome-wide association between rs2236757 and critical COVID-19 illness (p 

= 5 x 10-8, OR = 1.3)288. These data suggest that IFNAR2 polymorphisms may 

make an individual more susceptible to COVID-19 infection or/and develop a 

serious disease.  

1.3.3.17 IL10RB 

Intact interleukin-10 is important in the maintenance of immune tolerance. The 

IL10RB gene encodes two of the IL10Rβ molecules that form the 

heterotetrametric complex309. The remaining part of the complex, two IL10R⍺, 

is encoded by IL10RA gene309. Upon binding of IL10 to IL10R⍺, the sequence 

to assemble the receptor is initiated309. This activates TYK2 and JAK1 which 

is coupled to IL10Rβ and IL10R⍺ respectively resulting in phosphorylation of 

tyrosine residues found on the intracellular domain of IL10R⍺309. Signal 

transducer and activator of transcription 3 (STAT3) is phosphorylated by TYK2 

and JAK1 and translocates into the nucleus and then binds to the STAT3-

binding elements of the IL10-responsive genes309. Polymorphism of IL10RB 

has also been associated with SARS-CoV-2 infection. GWAS study by 

Kousathanas et al found a genome-wide association between rs8178521 and 

critical COVID-19 (p = 3.53 x 10-12, OR = 1.2)278. 

1.3.3.18 IL6 

Severe SARS-CoV-2 causes hyperactive host immune response with elevated 

pro-inflammatory cytokines including IL6310. Interference of tissue perfusion by 

IL6 and the subsequent endothelial damage worsens COVID-19 symptoms311. 

The association of IL6 rs1800795 and rs1800797polymorphisms with COVID-

19 severity was investigated by Verma et al. The cohort of 97 patients with 

severe COVID-19 and 145 patients with mild COVID-19312. The G/C genotype 

of rs1800795 was associated with higher risk of disease severity (p = 0.009, 
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OR= 2.26)312. However, the rs1800797 polymorphism was not associated with 

disease severity312.  

1.3.3.19 KANSL1 

KAT8 regulatory NSL complex subunit 1 (KANSL1), encoded by the KANSL1 

gene, is a protein implicated in a rare genetic disorder called Koolen-de Vries 

syndrome313. The disorder is characterised by developmental delay, 

intellectual disability, and hypotonia313. Few studies have found an association 

between KANSL1 polymorphism and SARS-CoV-2 infection. A genome-wide 

association was identified between critical COVID-19 and rs2532300 

polymorphism of KANSL1 (p = 4.19 x 10-9, OR = 1.2)278. Furthermore, Niemi 

et al reported a genome-wide association between rs1819040 and SARS-CoV- 

2 infection265.  

1.3.3.20 LINC00649 

Long-coding RNA LINC00649 has been shown to mediate cellular process of 

bladder cancer cells by binding to microRNA-16-5p and increasing JARID2 

expression314. LINC00649 has also been reported to target microRNA-216a-

30 which may aggravate progression of cervical cancer315. Kousathanas et al 

reported a genome-wide association between rs35370143 and critical COVID-

19 (p = 1.24 x 10-9)278. 

1.3.3.21 LZTFL1 

Leucine zipper transcription factor-Like 1 (LZTFL1) is a protein associated with 

Bardet-Biedl syndrome (BBS)316. BBS is a rare genetic ciliopathy which affects 

multiple ciliated organs316. Moreover, LZTFL1 is shown to be important in 

sperm function and male fertility316. The LZTFL1 gene is located at 

chromosome 3 (3p21.3)317. Several studies have identified association 

between SARS-CoV-2 infection and LZTFL1 polymorphisms. The rs73064425 

polymorphism has been associated with critical COVID-19 (p = 1.97 x 10-133, 

OR = 2.7) in a study by Kousathanas et al278. Pairo-Castineira et al also 

reported genome-wide association with critical COVID-19 infection (p = 4.8 x 

10-30, OR = 2.1)288. Niemi et al identified genome-wide significance between 

rs10490770 and increased risk of developing COVID-19 symptoms (p = 1.44 

x 10-73)265. 
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1.3.3.22 MUC5B 

MUC5B has an important function in mucociliary clearance and protection of 

the lung airways318. The gene for MUC5B lies on chromosome 11319. The 

rs35705950 polymorphism is implicated in MUC5B expression in the lungs319. 

The polymorphism could potentially be involved in the methylation of the 

promoter region of MUC5B and disrupt the activities of transcriptional 

factors319. Van Moorsel et al conducted a case-control study to investigate the 

influence of this polymorphism on COVID-19. The study population consisted 

of 83 white Dutch patients with COVID-19 and 611 white Dutch healthy 

individuals as control subjects320. The frequency of the T allele was 

significantly lower in the COVID-19 group compared to controls (p = 0.02)320. 

This suggests that the T allele may provide protection to individuals from 

developing a severe disease.  

1.3.3.23 NOTCH4 

Neurogenic locus notch homolog 4 (NOTCH4) is a protein from the NOTCH 

family. NOTCH signalling is an evolutionary conserved pathway that is 

implicated in various developmental processes as well as several cancers321. 

Expression of NOTCH4 in T regulatory cells has been shown to impair tissue 

repair to stimulate severe lung inflammation322. The gene encoding NOTCH4 

is localised on a small arm of chromosome 6 (6p21.3)323. Polymorphism of 

NOTCH4 and its influence on COVID-19 has been reported in literature. A 

genome-wide association between rs3131294 and critical COVID-19 illness 

was identified by Pairo-Castineira (p = 2.8 x 10-8, OR = 1.5)288. Furthermore, 

in individuals with COVID-19, the expression of NOTCH4 is upregulated on 

circulating T regulatory cells and associated with amplified mortality322. 

1.3.3.24 OAS1-3 

As sensors of the innate immune system, 2’,5’-oligoadenylate synthetase 

(OAS) binds to viral dsRNA and initiates degradation via ribonuclease L to 

reduce the spread of viral infection324. The gene cluster on chromosome 12 

(12q24.13) encodes for OAS1, OAS2 and OAS3 genes324. The influence of 

OAS1-3 polymorphisms in COVID-19 infection have been investigated in 

several studies. GWAS study by Pairo-Castineira et al found genome-wide 
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significance association in risk allele A of rs10735079 of the OAS gene cluster 

(p = 1.6 x 10−8, OR = 1.3)288. Association between rs10774671 and increased 

risk of developing severe COVID-19 symptoms was reported by Niemi et al (p 

= 6.14 x 10-10)265. This suggests that anti-viral defences of the immune system 

are associated with COVID-19 severity.  

1.3.3.25 PLSCR1 

Phospholipid scramblase 1 (PLSCR1) is a type II transmembrane protein with 

a role in phospholipid movement across the plasma membrane325. PLSCR1 is 

also able to modulate phagocytic processes in differentiated macrophages325. 

The PLSCR1 gene is localised on chromosome 3 (3q24) and comprises nine 

exons with the coding region spanning from exon 2 to exon 9326. Polymorphism 

of PLSCR1 has been reported to be associated with severity of COVID-19. A 

genome-wide association between rs343320 and critical COVID-19 was 

reported by Kousathanas et al278.  

1.3.3.26 RGMA 

Repulsive guidance molecule A (RGMA) is a Bone Morphogenetic Protein 

(BMP) co-receptor that facilitates BMP signalling and activates SMAD1/5/8 

signalling pathway327. The RGM loci which encodes RGMA is mapped onto 

chromosome 5 (15q26.1). The rs4424872 polymorphism of the RGMA gene 

showed genome-wide association with critical COVID-19 (p = 8.61 x 10-13, OR 

= 2.4)278. This suggests that the polymorphism may increase the risk of 

developing critical COVID-19 illness.  

1.3.3.27 Solute Carrier Family and Genes of  

Chromosome 3 

Solute carrier family (SLC) is a superfamily which comprises 65 families and 

458 proteins328. SLCs respond to different metabolic states by transporting 

substances across the cellular membranes328. SLC6 family carry out active 

transport of small amino acids using the sodium gradient328. One of the 

members of SLC6, Solute carrier family 6 member 20 (SLC6A20), is a sodium 

chloride-dependent transporter and a member of the neutral amino acid 

transporter subfamily. The SLC6A20 is found on chromosome 3p21.3. 

Kousathanas identified a genome-wide association between rs2271616 and 
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critical COVID-19 (p = 9.9 x 10-17). Niemi et al  also reported an association 

with rs2271616 polymorphism. The polymorphism was associated with 

increased susceptibility to SARS-CoV-2 infection (p = 1.79 × 10−34)265. 

Whereas the Severe COVID-19 GWAS Group found that the GA or G allele of 

rs11385942 was associated with COVID-19 (p = 1.15 x 10-10, OR = 1.77). Six 

genes comprised the rs117169628 association signal at locus 3p21.31: 

SLC6A20, LZTFL1, C-C chemokine receptor type 9 (CCR9) CCR9, FYVE And 

coiled-coil domain containing 1 (FYCO1), C-X-C chemokine receptor type 6 

(CXCR6), and XCR1. As an inflammatory and homeostatic receptor, CCR9 

has been shown to be an impotent mediator of the early phases of allergic 

airway inflammation329. FYCO1 is an adapter protein with roles in 

transportation of autophagic vesicles and is implicated in the development of 

cataracts330. CXCR6 is a receptor for simian immunodeficiency virus331. XCR1 

is the receptor for XCL1 and the axis comprising the two is key in the dendritic-

cell-mediated cytotoxic immune response. Moreover, Shelton et al reported an 

association between critical COVID-19 and rs13078854 polymorphism332. 

Another SLC reported to be associated with COVID-19 is solute carrier family 

member 31 (SLC22A31). The rs117169628 polymorphism was associated 

with critical COVID-19 (p = 4.4 x 10-9).  

1.3.3.28 THBS3 

Thrombospondin 3 (THBS3) is a glycoprotein with an important role in 

interactions between cell-cell and cell-matrix333. THBS3 has been shown to be 

a suitable marker for acute myocardial infarction333. Located on chromosome 

1, polymorphism of THBS3 has been reported to mediate a genetic 

susceptibility to critical COVID-19 illness. Kousathanas et al reported a 

genome-wide association between rs41264915 and critical COVID-19 (1.02 x 

10-12, OR = 1.3)278.  

1.3.3.29 TMEM64 

Transmembrane protein 65 (TMEM65) is found within the inner mitochondrial 

membrane334.  Although not much is known about its function, introduction of 

a TMEM gene mutation hampered the content of the mitochondria and the 

respiration rate334. The rs72711165 polymorphism was associated with  

increased risk of developing severe COVID-19 symptoms (p = 2.13 x 10-9)265. 
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1.3.3.30 TYK2 

TYK2 is a member of the JAK family and is an important component of the 

JAK-STAT pathway335. TYK2 helps regulate cytokine signal transduction 

pathways and immune cell functions336. Several studies have reported an 

association with TYK2 polymorphism and COVID-19. Genome-wide significant 

association was reported in allele A of rs74956615 near a gene that encodes 

for TYK2 on chromosome 19 (19p13.3) (p = 2.3 x 10−8, OR = 1.6)288. High 

expression of TYK2 was also related with life-threatening disease288. Niemi et 

al also reported genome-wide association between rs74956615 and increased 

risk of developing severe COVID-19 symptoms (p = 5.05 × 10−10)265. Whereas 

Kousathanas et al also reported genome-wide association between 

rs34536443 and critical COVID-19 (p = 6.98 x 10-17, OR = 1.5)278. Furthermore, 

expression of TYK2 has shown to be downregulated in patients with COVID-

19337. This could potentially hinder the ability to produce a competent IFN 

response upon SARS-CoV-2 infection337. 

1.3.4 Summary 

Several host genetic factors have shown association with pre-disposition and 

disease outcome of RV, RSV and SARS-CoV-2 infection. These include a 

diverse repertoire of host factors including components of the cytokine 

pathway, transmembrane receptors, and surfactant proteins. The differences 

in allelic frequencies of polymorphisms could be a possible explanation for the 

variation of COVID-19 severity observed in different population groups as well 

as the difference in risk allele predisposing to RV and RSV infection in different 

ethnic groups. Genetic analysis of polymorphisms should be conducted using 

a wide range of different population groups for comparison. Diverse range of 

experimental designs have been utilised when investigating these 

polymorphisms such as large-scale GWAS studies and case-control studies. 

The use of case-control analysis of polymorphisms in viral infections allows us 

to visualise the influence of the polymorphism on clinical outcome. However, 

the polymorphisms could possibly be a marker for other uncharacterised 

polymorphisms and so it can be difficult to decipher whether the association is 

a result of a specific allele. Nevertheless, studies using a large cohort such as 

GWAS studies will give a better understanding on whether an allele or the 
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genotype of a particular polymorphism is associated with disease susceptibility 

and severity. Assessing the influence of polymorphisms on the susceptibility 

and severity to the different viral infection is imperative for understanding the 

mechanisms underlying the pathogenesis. Furthermore, this will help enhance 

drug development and prophylaxis against viral infections. In addition, the 

polymorphisms may serve as biomarkers and so can be used for targeted 

interventions in high-risk individuals. 
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1.4 Modelling the Airway Epithelium to Study Host-Virus 

Interactions 

Modelling the airway epithelium in vitro is an important tool for understanding 

how respiratory viruses interact with the host. The bronchial airway epithelium 

is typically modelled using primary cells or continuous cell lines. Animal models 

do not faithfully represent the human respiratory epithelium whereas ex vivo 

human lung samples have issues with reliability and availability338. Therefore 

cell culture models enable closer recapitulation of the airway epithelium. By 

studying host-virus interactions using cell culture models, advances in disease 

modelling and development of therapeutics can be made.  

1.4.1 Primary Cell Culture 

Culturing of primary cells via air-liquid interface (ALI) is the current gold 

standard for modelling host-respiratory virus interaction. Human bronchial 

epithelial cells (HBECs) are obtained from non-diseased lungs to exhibit the 

‘normal’ pulmonary phenotype. The bronchoscopy brush technique is applied 

where the epithelial cells from the bronchial mucosa are scraped using a brush. 

The HBECs are cultured in submerged conditions and then transferred to 

collagen-coated porous membrane inserts following confluency. The cells are 

exposed to air on the apical side and to the cell culture media at the basolateral 

side339. This enables mucociliary differentiation, tight junction formation and 

development of specialised cells such as ciliated cells and mucus-producing 

goblet cells. This allows the pseudostratified morphology of the in vivo 

bronchial airway epithelium to be recapitulated340. Since the architecture of the 

airway epithelium resembles the in vivo structure,  HBEC-ALI model is one of 

the most routinely used culture techniques for studying host-virus 

interactions340. Figure 1-9 shows the difference in morphology of ALI cultures 

at different time points341.  
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A) 

B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.2 Continuous Cell Lines                                                         

Continuous cell lines are typically cultured as a 2D monolayer culture in 

submerged conditions. One example, the lung adenocarcinoma-derived Calu- 

3 cell line, exhibits many characteristics of the bronchial airway epithelium338. 

They can form tight polarised monolayers, and can express mucin, surfactant 

protein C and CFTR342. Another cell line, BEAS-2B, are routinely used in 

infection studies. The cell line is established from normal human bronchial 

epithelial from a non-cancerous individual343. Although BEAS-2B express E-

cadherin, ICAM-1, CCSP, and vascular cell adhesion molecule (VCAM-1), the 

c 

Figure 1-9. Traditional 2D Culture vs ALI Culture. A. Cells are taken 

from bronchoscope and cultured in submerged in conditions using cell 

culture media. Cells cultured in air-liquid interface have the ability to 

form a pseudostratified layer with specialised cells such as basal, 

ciliated and goblet cells. Diagram was created using BioRender with 

Kiran et al used as reference15. B. Images of air-liquid interface culture 

taken at different time points. The cells are stained using haemotoxylin 

and eosin15. 
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cells do not demonstrate the typical cellular distribution of the bronchial airway 

epithelium338. The caveat of several continuous cell lines being cancerous 

makes them less than ideal for representing the bronchial airway epithelium. 

In addition, the inability to form specialised cells makes the model less 

physiological relevant than using primary cells.  

1.4.3 Induced Pluripotent Stem Cells 

The development of induced pluripotent stem cells (iPSC) has transformed in 

vitro modelling of human biology and therapeutic development. Martin Evans 

and Mathew Kaufman344, and Gail Martin345 first isolated mouse embryonic 

stem cells (ESCs) in 1981 which would serve as a reference point for 

subsequent experiments involving somatic cell reprogramming. James 

Thomson et al later isolated human ESCs346. Cell fusion experiments of human 

ESCs with somatic cells showed the capability of reprogramming cells to 

pluripotency347. Whereas transdifferentiation experiments highlighted the 

importance of transcription factors in orchestrating the cell fate348. In 2006, 

Takahashi and Yamanaka conducted a series of somatic cell reprogramming 

experiments which led to the breakthrough generation of mouse iPSCs349. A 

selection of 24 potential reprogramming factors was cloned into retroviral 

vectors for mouse embryonic fibroblasts (MEFs) transduction349. Following 

screening, four transcription factors (known as OSKM or Yamanaka factors) 

were found to be sufficient to stimulate pluripotency: octamer binding 

transcription factor (OCT3/4), SRY-box 2 (SOX2), c-Myc, Krupper-like factor 4 

(KLF4)349. During the early stage of reprogramming, OSKM expels somatic 

cell-specific transcription factors from somatic enhancers350. In particular they 

access closed chromatin and initiate gene expression351. OCT4, SOX2 and 

KFF4 have a pioneer activity where they target partial motifs in the 

nucleosome-enriched loci351. In addition, SOX2 promotes DNA demethylation 

and impedes the repressive epigenome352. Pluripotency enhancers are then 

activated by OSKM during later stages of reprogramming350. Yamanaka and 

Takahashi also demonstrated that human fibroblasts can be reprogrammed 

into iPSCs353.  
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The capacity for differentiating iPSCs into a diverse repertoire of human cell 

types and reduced ethical constraints has enabled iPSCs-derived cells to be 

widely used in disease modelling, high-throughput drug screening, and 

developing therapies354. The inherent property of self-renewal allows large 

quantities of cells to be generated355. This overcomes the limitation of finite 

lifespan of primary cells355. Another important advantage of iPSCs is that cells 

can be derived from patients with genetic risk factors or casual disease 

mutation, or a particular disease which allows patient-specific cell lines with 

relevant genetic background to be generated and enables robust modelling 

and identification of disease-specific phenotypes354. Furthermore coupling 

iPSCs with gene-editing technologies such as CRISPR/Cas9 allows mutations 

to be introduced and studied. This provides opportunity to investigate further 

into host genetic factors and its influences including on host-virus 

interactions355.  
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1.5 Using Transcriptomics to Understand Host-Virus 

Interactions 

The transcriptome is the complete set of coding and non-coding (ncRNA) RNA 

transcripts in a cell of an organism356. mRNA are frequently studied since they 

encode proteins via the genetic code357. However, there is a diverse group of 

functional non-coding ncRNA. Examples include ribosomal RNAs role in 

mRNA translation, small nuclear RNA in splicing, small nucleolar RNAs in 

rRNA modification, and microRNA in gene expression regulation at post-

transcriptional level357. Genomic research has been revolutionised by the use 

of transcriptomic technologies358. Thousands of gene transcripts can be 

simultaneously examined by using a genome-wide transcriptome profiling359. 

This allows functional elements of the genome and  molecular constituents of 

cells and tissues to be interpreted356. Several techniques have been developed 

to elucidate the transcriptome. One such example, the DNA microarray, is 

based on a collection of spots that is occupied by a fragment of single-stranded 

DNA sequence known as probes360. The DNA sequence hybridises with its 

complementary strand360. This target-probe hybridisation is identified and 

quantified by detecting fluorophore or chemiluminescence-labelled targets360. 

However limitations of microarrays include the availability of probes for known 

genes, prior knowledge of sequences being interrogated, cross-hybridisation 

artifacts, low abundance transcripts, and limited ability to accurately quantify 

very highly expressed and lowly expressed genes359.  

Sequence-based approach, where the transcript sequence is directly 

determined, was developed in response to issues with microarray-based 

methods357. Tag-based Sanger sequencing methods such as serial analysis of 

gene expression (SAGE) and cap analysis gene expression (CAGE), 

quantifies the number of tagged sequences356. This directly corresponds to the 

number of mRNA transcripts and so allows a more precise quantification of 

expression levels than microarray methods357. However, they cannot be used 

for novel gene discovery and are also insensitive for measuring the levels of 

splice isoforms expression357. Furthermore, the need for large volumes of RNA 

and the high cost of Sanger sequencing has restricted its use357. 

Transcriptomics transitioned to sequencing-based methods following issues 



 83 

with microarray and tag-based methods. RNA-sequencing (RNA-Seq) is a 

high-throughput DNA sequencing method that maps and quantifies the 

transcriptome356. It typically involves isolation of RNA, conversion of RNA to 

complementary DNA (cDNA), preparation of sequencing library, and 

sequencing using next-generation sequencing (NGS) platform357. The 

dynamic nature of the transcriptome can be explored at greater resolution and 

higher coverage with RNA-seq compared to microarray and tag-based 

methods. Furthermore, recent advances in the workflow with sample 

preparation, sequencing platform, and data analysis has facilitated deeper 

profiling and opportunity to examine different pathological and physiological 

conditions357. In comparison to microarrays, RNA-seq is able to detect novel 

splice forms, closely related gene sequences, and RNA editing that may have 

potentially been missed due to cross hybridisation361. Furthermore, RNA-seq 

can be used to reveal the precise location of transcription boundaries to a 

single-base resolution356. A 30-bp short reads can provide information about 

how two exons are connected. In addition, a short pair-end reads or longer 

reads can unveil connectivity between multiple exons356. RNA-Seq can also 

be used to identify SNPs in transcribed regions356.  

Transcriptomic profiling using RNA-seq provides opportunities to investigate 

host-virus interactions at high-resolution. Viral infection triggers a dynamic set 

of reactions in the host and subsequently leads to changes in patterns of gene 

expression362. This can trigger the host immune response to eliminate the virus 

or to confer adaptation and tolerance towards the virus362. The complex 

interactions between the host and virus can influence the life cycle of the virus, 

the ability to infect, and the ability to evade the host immune system363. These 

complexities can affect disease severity363. Understanding these interactions 

is imperative for developing new therapeutics since viruses rely on host 

biological mechanisms for replication and propagation363. By interrogating the 

transcriptome using RNA-Seq, the transcriptional dynamics of the host and 

virus during infection can be explored364. The changes in the abundance of 

transcripts across samples can be detected to identify genes and pathways 

that are upregulated or downregulated in response to infection364. 
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Furthermore, virulence factors or PAMPS targeting the viruses can be 

identified therefore deepening our understanding of host-virus interactions362.   

1.6 Aims and Objectives 

1.6.1 Overall Aim 

To understand host-virus interactions at genomic and transcriptomic level and 

investigate the interactions further using HBEC and iPSC model of the airway 

epithelium.  

1.6.2 Objectives 

1. To explore host-virus interactions using genomic-based approach by 

conducting a signal-to-gene analysis to translate genetic signals 

associated with RV, RSV and SARS-CoV-2 susceptibility and severity 

and conducting a pathway, diseases and drug-gene interaction 

analysis. 

2. To further understand host-virus interactions using transcriptomics by 

investigating how primary human bronchial epithelial cells respond to 

prolonged infection of RSV-A2 and RV-A16. 

3. To develop iPSC model of the airway epithelium and compare and 

contrast with the gold standard ALI-HBEC model of the airway 

epithelium to investigate host-RSV interactions. 
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Table 2-1. List of materials and reagents used for molecular biology 

methods. The supplier and the catalogue code are stated on the table. 

 

2.0 Materials and Methods 

2.1 Molecular Biology Methods 

This section details the molecular biology methods used during the thesis. 

Details of RNA-seq and reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) are outlined in Chapter 4 and Chapter 5 respectively.  

2.1.1 Material and Reagents  

The table 2-1 below details the material and reagents used for molecular 

biology methods.  

 

 

Materials and Reagents Supplier 

RNeasy Mini Kit (cat. no. 74104) Qiagen 

QIAshredder (cat. no. 79654) Qiagen 

RNase-free DNase Set (cat. no. 79254) Qiagen 

Ethanol (cat. no. LH-M0120E) Medical School 

Stores 

TaqMan™ Gene Expression Master Mix (cat. no. 

4369016) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays FOXA2 (cat. 

no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays SOX17 (cat. 

no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays NKX2-1 

(cat. no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays FOXJ1 (cat. 

no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays KRT5 (cat. 

no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays MUC5AC 

(cat. no. 4331182) 

ThermoFisher 

Scientific 
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TaqMan® Gene Expression Assays RSV A2 

(cat. no. 4331182) 

 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays CX3CR1 

(cat. no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays OAS1 (cat. 

no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays IFNB (cat. 

no. 4331182) 

ThermoFisher 

Scientific 

TaqMan® Gene Expression Assays IFNL (cat. 

no. 4331182) 

 

ThermoFisher 

Scientific 
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2.1.2 RNA Extraction 

RNA extraction is a routinely molecular biology technique to isolate RNA for 

downstream applications such as quantitative polymerase chain reaction  

(qPCR) and RNA-seq365. The cell lysates are loaded onto the silica membrane 

which enables binding of RNA to the silica membrane. This ideal binding 

condition is facilitated by the addition of ethanol. High quality of RNA is 

important for ensuring accurate analysis of gene expression365. Therefore, 

DNA digestion was conducted for a complete DNA removal.  

Protocol 

1. Cells were lysed using 350 μl of Buffer RLT and scraped using a pipette 

2. To make the DNA incubation mix, 10 μl of DNase I stock solution was 

added to 70 μl of Buffer RDD 

3. The tube containing the DNA incubation mix was gently inverted and 

briefly centrifuged to collect residual liquid from the sides of the tube 

4. Cell lysate was transferred into QIAshredder spin column to 

homogenise the cells and prevent reduction in RNA yields and clogging 

of the RNeasy spin column 

5. The QIAshredder spin columns were centrifuged at ≥12000 rpm for 2 

minutes 

6. 350 μl of 70% ethanol was added to the homogenised lysate and mixed 

thoroughly using a pipette 

7. The sample was transferred to a RNeasy Mini spin column which was 

connected to a 2 ml collection tube 

8. The spin column was centrifuged at ≥8000 g (≥10000 rpm) for 15 

seconds 

9. The  sample was incubated with 80 μl of DNA incubation mix for 15 

minutes at 20-30°C 

10. 350 μl of Buffer RW1 was added to the spin column 

11. The spin column was centrifuged at ≥10000 rpm for 15 seconds and the 

flow-through being was discarded 

12. 500 μl Buffer RPE was added to the RNeasy spin column  

13. The spin column was centrifuged at ≥10000 rpm for 15 seconds and the 

flow-through was discarded 
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14. 500 μl Buffer RPE was added to the RNeasy spin column 

15. The spin column was centrifuged at ≥10000 rpm for 15 seconds 

16. The old collection tube with the flow-through was discarded and the spin 

column was placed in a new 2 ml collection tube and centrifuged for 1 

minute at ≥12000 rpm 

17. The RNeasy spin column was then placed in a new 1.5 ml collection 

tube 

18. 30 μl of RNAse-free water was added to the spin column membrane 

and centrifuged at ≥10000 rpm for 1 minute to elute the RNA 

19. The RNA samples were stored at -80°C 

2.1.3 Quantification of RNA 

The NanoDrop ND-2000 full spectrum spectrophotometer (ThermoFisher 

Scientific) was used to quantify RNA concentration. The purity of RNA with 

respect to protein contamination was assessed using the 260/280 ratio. The 

measurement of purity with regards to contamination from reagents such as 

salts is reflected by the 260/230 ratio.  

Protocol 

1. 1μl of RNase-free water was placed at the lower measurement pedestal 

and the sampling arm was lowered  

2. Spectral measurement was initiated using the NanoDrop 2000/2000c 

PC software to blank the sample 

3. 1μl of the RNA sample was added to the lower measurement pedestal 

to measure the concentration 
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2.2 Cell Culture Methods 

Cell culture process comprises growing cells under a set of controlled 

conditions involving temperature, pressure and gases366. The cells are 

typically grown at 37°C and 5% CO2 and cultured in medium optimum to their 

growth. Cells grow in a monolayer following adherence to a surface. The cells 

are passaged once they reach confluence, and a portion of the cells are then 

cultured in a new flask. Cell culture can involve primary cultures whereby ex 

vivo culture of cells is obtained from human tissues, or immortalised cell 

lines366. Although primary cell cultures are more physiologically relevant, they 

have a limited life-span366. In contrast, immortalised cells lines possess a 

longer lifespan366. However they lack physiological relevance due to lower 

expression of important physiological functions and genetic alteration366. This 

section outlines primary and continuous cell lines used during the project. 

Methods outlining iPSC culture are detailed in Chapter 5.2. 

2.2.1 Materials and Reagents  

The following section details the cell lines and reagents used for cell culture 

for this Chapter. Table 2-2 lists the cell culture reagents that were used. 
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Table 2-2. Specifications for HBEC donor D485960 used for cell 

culture    experiments. 

 

 

 

Reagent 

 

Supplier 

Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM F-12) (cat. no. 11554546) 

 

ThermoFisher 

Scientific 

Dulbecco′s Phosphate Buffered Saline (PBS) 

(cat. no. D8537) 

 

Sigma-Aldrich 

Gibco™ TrypLE™ Select Enzyme (1X)  (cat. no. 

11598846) 

 

ThermoFisher 

Scientific 

KnockOut™ DMEM (cat. no. 10829018) ThermoFisher 

Scientific 

KnockOut™ Serum Replacement (cat. no. 

0828010) 

 

ThermoFisher 

Scientific 

Gibco™ Penicillin-Streptomycin (10,000 U/mL) 

(cat. no.) 

 

ThermoFisher 

Scientific 

GlutaMAX™ Supplement (cat. no. 35050061) ThermoFisher 

Scientific 

1-Thioglycerol (cat. no. M6145) 

 

Sigma-Aldrich 

Gibco™ MEM Non-Essential Amino Acids 

Solution (100X) (cat. no. 11140050) 

 

ThermoFisher 

Scientific 

Human Collagen Type IV (C7521) 

 

 

 

Sigma-Aldrich 
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Animal-Free Recombinant Human FGF-basic 

(cat. no. AF-100-18B)  

 

PeproTech 

 

Recombinant Human Sonic Hedgehog/Shh 

(C24II) N-Terminus (cat. no. 845-SH-025)  

 

 

 

R&D 

Biosystems 

Recombinant Human KGF/FGF-7 Protein (cat. 

no. 251-KG-010)  

 

R&D 

Biosystems 

Recombinant Human FGF-18 (cat. no. 100-28) PeproTech 

Collagen from Human Placenta (cat. no. C7521) 

 

Sigma-Aldrich 

B-ALI™ Bronchial Epithelial Cell Growth 

Medium 

BulletKit™ (cat. no. CC-3170) 

 

Lonza 

B-ALI™ Bronchial Air-Liquid Interface Medium 

BulletKit™ (cat. no. 00193514) 

 

Lonza 

PureCol® Bovine Collagen (cat. no. 5005) Advanced 

BioMatrix 

 

Gibco™ Trypsin-EDTA Trypsin (cat. no. 

10779413) 

 

ThermoFisher 

Scientific 

Soybean Trypsin Inhibitor (cat. no. 17075029)  

DMEM, high glucose, GlutaMAX™ Supplement, 

pyruvate (cat. no. A5256701) 

 

ThermoFisher 

Scientific 

Fetal Bovine Serum (cat. no. A5256701) ThermoFisher 

Scientific 
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PneumaCult™-Ex Plus Medium (cat. no. 05040) 

 

STEMCELL 

Technologies 

 

Hydrocortisone Stock Solution (cat. no. 07926) 

 

STEMCELL 

Technologies 

 

PneumaCult™-ALI Medium (cat. no. 05021) 

 

STEMCELL 

Technologies 

 

DMSO (cat. no 154938) Sigma-Aldrich 

 

NHBE-Bronchial Epithelial Cells D485960 (cat. 

no.CC-2540S) 

 

 

 

Lonza 

NHBE-Bronchial Epithelial Cells D195307 (cat. 

no.CC-2540S) 

 

Lonza 

iPSC LOPCK Dr Nicholas 

Hannan 

 

iPSC ReBL-PAT 

 

Dr Nicholas 

Hannan 

 

HRVA16 (cat. no. 0112092v) Public Health 

England 

 

RSV-A2 

 

Professor Colin 

Bingle 

 

RSV-A2 GFP Professor Colin 

Bingle  
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Table 2-3. Specifications for HBEC donor D485960 used for cell 

culture    experiments. 

2.2.2 HBECs 

The methods for maintaining HBECs in submerged condition are detailed in 

this section. Details on culturing HBECs in ALI conditions are outlined in 

Chapter 5. HBEC donors D485960 and D195307 were purchased from Lonza. 

The specification of the donors is detailed on Table 2-3 and 2-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test Minimum Maximum Results 

Tissue Acquisition 

Number 

  28968 

Donor Screen 

Information 

   

Age   38 Y 

Sex   MALE 

Race   CAUCASIAN 

Cell Type   NHBE 

QC Evaluation Medium   BEGM 

Cell Strain Calculations    

Cell Passage   1 

Viability  >= 70%  83% 

Cell Count (cells/amp) >= 500,000  540,500 

Seeding Efficiency >= 20%  45% 

Doubling Time (hours) 12 48 35 

Sterility Test   Negative 

Mycoplasms 

 

  Negative 

Virus Testing    

HIV Test   Not Detected 

HBV Test   Not Detected 

HCV Test   Not Detected 
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Test Minimum Maximum Results 

Tissue Acquisition 

Number 

  19665 

Donor Screen 

Information 

   

Age   19 Y 

Sex   MALE 

Race   CAUCASIAN 

Cell Type   NHBE 

QC Evaluation Medium   BEGM 

Cell Strain Calculations    

Cell Passage   1 

Viability-Tryp Blue 

Exclusion  

>= 70%  91% 

Cell Count (cells/amp) >= 500,000  897,000 

Total Population 

Doublings 

>= 15  15 

Seeding Efficiency >= 20%  66% 

Doubling Time (hours) 12 48 15 

Sterility Test   Negative 

Mycoplasms 

 

  Negative 

Virus Testing    

HIV Test   Not Detected 

HBV Test   Not Detected 

HCV Test   Not Detected 

 

Table 2-4. Specifications for HBEC donor D195307 used for cell 

culture experiments. 
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2.2.2.1 Coating of Cell Culture Dishes for HBECs 

To allow attachment of HBECs to the surface, cell culture dished were coated 

with PureCol® Bovine Collagen. As a widely used extracellular membrane 

component coating in cell culture, collagen enables adhesion to cell culture 

vessels367.  

Protocol 

1. A collagen-phosphate-buffered saline (PBS) solution was prepared in a 

1:100 ratio of collagen and PBS solution 

2. 10 ml of the collagen solution was added to T25 flask 

3. T25 flask was incubated for at least 30 minutes 37°C and 5% CO2 in an 

incubator 

2.2.2.2 Maintenance of Submerged HBECs 

Protocol 

1. Vial of HBECs frozen in liquid nitrogen stocks were thawed and seeded 

onto T75 flask 

2. 11 ml of Lonza BEGM® Bronchial epithelial cell growth medium 

bulletKit® was added to the T75 flask 

3. The cells were incubated at 37°C with 5% CO2 in a cell culture incubator 

4. Media was replaced every 48 hours and replaced last thing on Friday 

afternoon and first thing on Monday morning 

2.2.2.3 Passaging of Human Bronchial Epithelial Cells 

Protocol 

1. Upon reaching confluency, 2.5 ml of trypsin (2 mg/ml)/ 

ethylenediaminetetraacetic acid (EDTA) (5 mg/ml) was added to flask 

containing the HBECs and incubated for 5 minutes at 37°C 

2. The cells were checked for detachment using the microscope 

3. 7.5 ml of fresh PneumaCultTM BEGM media was added to the T75 flask 

and pipetted up and down to break up the clumps 

4. 5 ml of trypsin inhibitor was added 

5. The cell suspension was transferred to a universal tube  

6. The cells were centrifuged at 200 rpm for 5 minutes 
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7. The cells were resuspended in 1 ml of Lonza BEGM® and replated into 

a new collagen coated-T25 flask with 11 ml of fresh media 

8. The cells were incubated at 37°C with 5% CO2 in a cell culture incubator 

9. Cells were passaged 1:4 routinely  

2.2.2.4 Freezing of Human Bronchial Epithelial Cells 

Protocol 

1. HBECs were counted using the Cell Drop Machine 

2. Freezing solution was prepared by adding PneumaCult ex plus media 

to sterile dimethyl sulfoxide (DMSO) in a 9:1 ratio  

3. The cell suspension was diluted to 250,000 cells/ml using the freezing 

solution 

4. The cell solution was quickly transferred into a labelled cryovial 

5. The cryovials were placed inside Mr Frosty and stored in -80°C freezer 

for 48 hours 

6. After 48 hours, the cryovials were transferred to liquid nitrogen 
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2.2.3 HEK293-T 

The HEK293-T cell line was first established following transformation of human 

embryonic kidney cells with sheared adenovirus type 5 DNA368. A derivative of 

the HEK293, the HEK293-T was produced by enabling a temperature-

sensitive SV40 T-antigen mutant to be expressed368. HEK293-T cells were 

used to propagate the viruses RSV-A2 and RVA-16. 

2.2.4.1 Maintenance of HEK293-T 

Protocol 

1. T25 flask was coated with collagen as outlined on section 2.2.3.1 

2. 10 ml of Dulbecco’s modified eagle medium (DMEM) supplemented 

with 10% foetal calf serum (FCS) and 1% penicillin-streptomycin was 

added to the T25 flask 

3. Vial of HEK293-T was thawed and seeded onto T75 flask 

4. Cells were incubated at 37°C and 5% CO2 in a cell culture incubator 

5. Media was replaced every 48 hours 
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2.3 Viral Methods 

This section details the viral methods used during the thesis: propagation, 

determination of MOI and infection of iPSCs and HBECs using RSV-A2 and 

RV-A16. RSV-A2 was kindly provided by Professor Colin Bingle369. RV-A16 

was purchased from Public Health England (Catalogue code: 0112092v).  

2.3.1 Propagation of RSV-A16 and RV-A16 

Protocol 

1. 6.3 x 106 HEK293-T cells in 68 ml of DMEM supplemented with 10% 

Foetal Bovine Serum and 1% penicillin-streptomycin were seeded onto 

T225 flask 

2. The cells were incubated at 37ºC and 5% CO2 

3. Media was replaced every 48 hours until confluency 

4. Upon confluency, the cell monolayer was washed twice using 45 ml 

5. The cells were infected with 0.01 MOI of virus with a total volume of 200 

μl 

6. The cells were incubated at 37ºC and 5% CO2 for 72 hours 

7. After 72 hours, the media was harvested from the T225 flask using a 

2ml glass pipette 

8. The media was filtered using a 0.45 μm filter to remove the cellular 

debris 

9. The viral supernatant was transferred into a universal 

10. The universal containing the supernatant was sealed using a parafilm 

and placed on a roller in a cold room overnight at 4ºC 

11. The viral supernatants were harvested at 24, 48 and 72 hours and 

pooled together 

12. The pooled supernatants were aliquoted into centrifuge tubes and 

sealed using parafilm 

13. The supernatants were ultracentrifuged at 20,000 rpm for 3 and a half 

hours at 4ºC 

14. Following ultracentrifugation, supernatant was aspirated carefully 

15. The pellet was resuspended without FCS 

16. The resuspended pellet was incubated at 4ºC overnight on a roller 

17. The virus was aliquoted in 200 μl aliquots and stored at -80ºC 
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2.3.2 Determination of Multiplicity of infection (MOI) for 

Respiratory Syncytial Virus and Rhinovirus  

Protocol  

1. HBECs were seeded onto 96-well plate with 200 μl of media and 

incubated at 37°C with 5% CO2 

2. Media was changed every 48 hours until the cells are confluent  

3. An 8 point 10-fold serial dilution of the virus suspension including a 

negative control comprising of media alone was set up 

4. Media was removed from the culture plate, and the virus dilution was 

added to designated wells in triplicate 

5. Using a light microscope, cell cultures were monitored on a daily basis 

until a 50% endpoint (50% cells are alive, and 50% cells are dead in the 

well) was reached  

6. The tissue culture infectious dose (TCID50) was calculated using the 

Reed-Muench formula  

 

2.3.3 Infection of iPSCs and HBECs with RSV-A2 and RV-A16 

Protocol  

1. Cell culture media was aspirated  

2. The cells were washed with warm PBS and aspirated 

3. The cells were infected with RSV-A2 or RV-A16 with an MOI of 10 

4. The cells were incubated at 37℃ and 5% CO2  in a cell culture incubator 

5.  After 1 hour, the virus-media was removed 

6. The cells were washed with warm PBS and fresh media without the 

virus was added 

7. The cells were incubated at 37℃ and 5% CO2 in a cell culture incubator 

  

 

 

 



 100 

3.0. Translating Host-respiratory Virus Genetic 

Susceptibility and Severity Signals to Candidate 

Casual Genes and Pathways 
 

3.1 Introduction 

An accumulating number of studies suggest that host genetic factors influence 

the susceptibility and severity to respiratory viral infections. Association 

between single nucleotide polymorphisms (SNPs) and susceptibility and 

severity to viral infections have been identified in various genome-wide 

association studies and case-control candidate gene studies. GWAS tests 

millions of genetic variants to identify association between variants and 

traits370. This has led to successful identification of novel genotype-phenotype 

association which has facilitated identification of new drug targets, and 

biomarkers, disease-causing mechanisms and pathways, and optimisation of 

therapeutics based on genotype of the individual370. For example, the 

identification of rs2241880 polymorphism of autophagy related 16 Like 1 

(ATG16LI) led to the establishment of the role of autophagy in Crohn’s 

disease371. The genetic signal results in a missense mutation that promotes 

the caspase-3-mediated cleavage of ATG16L1 during cellular stress and 

suppresses autophagy371. Although initial identification of a locus can be 

ascertained, it remains difficult to accurately pinpoint causal variants and 

genes370. Many signals map onto non-coding regions and so may not be 

involved in the functional role of the gene370. Therefore, it is important to 

accurately determine the casual genes from the signals370.  

The number of genetic signals found to be associated with pathogenesis of 

rhinovirus infection are relatively low compared to RSV and SARS-CoV-2. This 

could be explained by the low number of studies focusing on the effect of 

genetic signals on RV infection. A study by Doyle et al found that low 

production IL6 conferred by C/C genotype of rs1800795 was associated with 

greater RV illness372. Another study reported that individuals with the 

rs1800890 and rs1800896 polymorphism of IL10, which is associated with 

elevated IL10 production, presented less with RV-induced bronchiolitis146. The 

rs1060826 NOS2A gene was also associated with bronchiolitis induced by RV 
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infections373. A great number of studies on polymorphisms associated with 

RSV susceptibility and severity have focused on cytokines such as IL4, IL6, 

IL8, IL10, IL15 and IL8. Zhang et al reported that the T allele of rs2243250 

polymorphism of IL4 was significantly higher in the RSV group compared to 

control186. Similar to the study by Doyle et al, Gentile et al found that the low 

production IL6 rs1800795 polymorphism was associated with RSV disease 

severity179. Higher frequency of the A allele of rs4071 was found among 

subjects with RSV-induced bronchiolitis by Hull et al and Goethghebuer et 

al194,195. Polymorphisms of the CCL5 chemokine rs2107538, rs2280788 and 

rs2280789 had higher frequency in infants with severe RSV-induced 

bronchiolitis compared to the controls159. Infants with RSV-induced 

bronchiolitis also were found to have higher frequency of CD14 rs5744455 

polymorphism166. Moreover, the diagnosis of wheeze following RSV-induced 

LTRI was significantly lower in infants possessing the AA genotype of the 

rs1800872 polymorphism of IL10 gene179. Furthermore, infants with IL13 

rs20541 polymorphism had higher frequency of wheeze following RSV-

induced bronchiolitis189.  

One of the largest studies conducted on genetic signals underpinning RSV 

infection was conducted by Janssen et al. The genetic association study 

analysis of 384 SNPs in 220 candidate genes was conducted by Janssen et 

a208. Polymorphisms associated with the innate immune genes such as JUN, 

IFNA5, NOS2A and VDR showed the strongest association with RSV 

bronchiolitis208. Furthermore, genes associated with innate immunity including 

IFNA5 rs10757212, rs643070 IFNA13, rs2254514 IL15, rs7747909 IL17, 

rs2274064 NCF2,   rs1060826 NOS2, rs1914408 STAT1, rs2407992 TLR8, 

rs1799724 TNF and rs10735810 VDR208. Another study utilised the whole-

exome sequencing (WES) approach374. WES implements targeted 

sequencing to capture 95% of the protein-encoding parts of the genome375. 

This potentially aids the discovery of causative genetic signals375. Salas et al 

analysed the whole exome of 54 individuals with RSV infection374. In 

comparison to controls, a wide variety of genetic signals were identified374. 

These included polymorphisms of the olfactory gene rs199665292 OR13C5, 

HLA gene polymorphism rs1047985 and rs935, MUC4 genes rs201623571, 
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rs529417345 and rs548345415, rs231216 polymorphism of the proline and 

serine encoding PROSER3 gene, JARID2-encoding gene polymorphism 

rs72837837 and SNAI3-AS1 gene polymorphism rs3794628374.  

The COVID-19 pandemic led to a great focus of research on host genetic 

factors associated with SARS-CoV-2 pathogenesis. Several GWAS studies on 

COVID-19 susceptibility and severity have been conducted. One of the first 

GWAS studies on COVID-19 host genetic factors was led by Ellinghaus et al. 

Genome-wide significance for SARS-CoV-2 susceptibility and Z (SLC6A20) 

and rs657152 (ABO) was reported376. GWAS by Niemi et al found genetic 

signals associated with COVID-19 susceptibility: rs2271616 (SLC6A20),  

rs11919389 (PPL24), rs912805253 (ABO), and rs4801778 (PLEKHA4)377. 

Whereas the following genetic signals were associated with COVID-19 

severity: rs10490770 (LZTFL1), rs1886814 (FOXP4), rs72711165 (TMEM65), 

rs10774671 (OAS1-OAS3), rs77534576 (TAC4), rs1819040 (KANSL1), 

rs74956615 (RAVER1), rs2109069 (DPP9), and rs13050728 (IFNAR2)377. 

Several loci identified by Niemi et al have previously been reported to show 

association with lung or inflammatory or autoimmune disease377. Moreover, 

GWAS by Pairo-Castineira et al identified the following genetic signals 

associated with critical COVID-19 infection: rs73064425 (LZTFL1), rs9380142 

(HLA-G), rs143334143 (CCHCR1), rs3131294 (NOTCH4), rs10735079 

(OAS1-OAS3), rs2109069 (DDP9), rs74956615 (TYK2), rs2236757 

(IFNAR2)378.  

Several case-control candidate studies on COVID-19 susceptibility and 

severity have been conducted. The influence of the ACE, ACE2 and TMPRSS2 

polymorphisms on COVID-19 have been investigated by several studies. 

Individuals with the I/D genotype were found to have an increased risk of 

developing symptomatic COVID-19 in a study by Hubacek et al379. Whereas 

Verma et al reported that the frequency of the D/D genotype and the D allele 

were significantly higher in COVID-19 patients with severe disease380. 

Similarly Rezaiezadeh et al found that severe COVID-19 was associated with 

the DD genotype of rs4646994 (ACE)381. A study by Mohlendick et al found 

that G/G genotype or G allele was associated with a three-fold increased risk 

in developing a severe COVID-19 disease or a two-fold increased risk of 
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SARS-CoV-2 infection382. Furthermore, association between SARS-CoV-2 

infection and the C/C genotype of rs383510 (TMPRSS2) was reported by 

Schönfelder et al383. Several risk alleles for susceptibility and severity of 

COVID-19 infection have been identified. For example, rs12252 polymorphism 

of the IFITM3 gene showed association with COVID-19 disease severity384. 

Furthermore, the C allele of rs1800795 (IL6) was significantly associated with 

disease severity in a study by Verma et al385. A study by Nia et al showed that 

the frequency of G allele of rs909253 (TNF-β)  was elevated among COVID-

19 patients compared to controls386. Whereas the A allele of rs1800629 (TNF-

α) was reported to decrease the risk of COVID-19386. However, the A allele 

was reported to increase the risk of COVID-19 in a study by Saleh et al387. Few 

studies have reported protective the effect of genetic signals towards SARS-

CoV-2 infection. Polymorphism of the APOE gene rs7412, which is a genetic 

determinant for lipoprotein and lipid levels, was found to confer a protective 

effect against SARS-CoV-2 infection388. Furthermore, the frequency of T allele 

of rs35705950 (MUC5B) was lower in Dutch COVID-19 patients suggesting 

protection against the infection389. 

Determination of the candidate causal genes underpinning the genetic signals 

facilitates analysis of pathways and diseases. Genes and upstream regulators 

associated with the pathways and diseases can then be targeted to further 

decipher the mechanistic background behind viral infection. Furthermore, the 

candidate casual genes can be used as biomarkers and be used for targeted 

interventions in high-risk individuals. The genes may also serve as druggable 

targets to facilitate drug development or repurpose drugs to treat viral infection. 

The lack of efficacy of drugs entering clinical development remains a big 

problem with over a quarter of drugs failing390. This failure in predicting efficacy 

in humans has prompted developers to use genetic evidence to inform 

decision making390. Several genes associated with disease traits have been 

identified to be effective druggable targets such as 3-Hydroxy-3-

Methylglutaryl-CoA reductase (HMGCR) which are targeted by statins390. It is 

imperative to develop drugs to treat RV, RSV and SARS-CoV-2 infection. 

Treatment of RV infections remain limited with there currently being no 

licensed vaccine. The two RSV vaccines that have been approved, GSK’s 
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ArexvyTM and Pfizer’s AbrysvoTM,  are only licensed for use in individuals aged 

60 or over99,100. Therefore, it is essential to develop  an RSV vaccine for infants. 

Treatments for COVID-19 include vaccine such as BNT162b2 (Comirnaty®; 

BioNTech, Pfizer)391, mRNA-1273 (Moderna)392 and ChAdOx1nCoV-19 

(AZD1222; AstraZeneca)393, and anti-viral drugs such as remdesivir394. 

Patients hospitalised with severe or critical conditions also be treated with 

immunomodulatory drugs for example dexamethasone394. However, not every 

individual can be given the vaccine and the anti-viral drugs. Furthermore, 

treatment for long COVID is still needed and it may be useful to develop 

therapies targeting different coronaviruses. It remains a challenge to 

understand the molecular basis of genetic associations and so insight into host 

susceptibility and information for developing new anti-viral treatments can be 

given by identifying the candidate causal genes and pathways.  
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3.2 Aims and Objectives 

Overall Aim: To complete a signal-to-gene/pathway analysis by interrogating 

multiple datasets and a drug interactions analysis to identify therapeutic 

opportunities.  

The objectives of the projects are: 

• To conduct a literature search to obtain genetic signals thought to 

influence host-RV/ RSV and SARS/CoV-2 susceptibility and severity. 

• To identify candidate causal genes and pathways using signal-to-gene 

mapping. 

• To identify opportunities for new drug development and drug 

repurposing. 
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3.3 Methods 

Systematic literature review was conducted using different databases. Genetic 

signals associated with host-RV/RSV/SARS-CoV-2 were identified and scored 

for genes. Genes scoring 3 or higher were interrogated for pathways, 

diseases, upstream regulators, and drugs-gene interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1. Work-flow of the methodology used for signal-to-gene 

association analysis. Systematic literature review to identify genetic 

signals. Genes scoring 3 or higher were taken for downstream analysis. 
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3.3.1 Literature Search of SNPs Associated with Host-Virus 

Interactions 

PubMed, Cochrane Library and Web of Science was used to literature search 

for SNPs associated with host-RV/RSV/SARS-CoV-2 interactions and obtain 

genetic signals. For RV and RSV-host interactions, studies were filtered from 

01/01/2000-22/05/2023 and 01/01/2019-22/05/2023 for SARS-CoV-2. The 

search string used is shown below. List of studies were downloaded from 

PubMed, Cochrane Library and Web of Science and exported onto excel. 

Papers were screened by title and abstracts. Full text of papers that reported 

association between SNPs and RV/RSV/SARS-CoV-2 susceptibility or 

severity were screened. Screening and study selection was single-screen. The 

systematic literature review has not been registered on PROSPERO registry. 

Software and AI tools were not used to process the papers. Selected studies 

were primary research studies with well-defined methodologies including 

GWAS and case-control studies. The participants involved human subjects 

with clearly defined sample size and study population. Reviews, duplicates, 

pre-prints, and editorials were excluded. Pre-prints were excluded as they are 

not peer-reviewed. Additional literature was searched by checking the 

references of studies included in the analysis. Due to limited number of data 

available, studies with small sample size were not excluded. Therefore this 

could be a limitation as studies with small sample size may not be as 

representative of the population. 
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Figure 3-2. Work-flow of the literature search. PubMed, 

Cochrane Library, and Web of Science was used for the literature 

search. Literature from 01/01/2000-22/05/2023 for RV and RSV 

and 01/01/2019-22/05/2023 for SARS-CoV-2 was identified. 
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3.3.2 Analysis of Signal-to-Gene Association 

The following databases were used to score the genetic signals: GTEx V8, 

LDlink Version, Haploreg Version 4.1, Open Target Genetics (OTG), Unbiased 

Biomarkers for the Prediction of Respiratory Disease Outcomes (U-BIOPRED) 

and GWAS Catalog (https://www.ebi.ac.uk/gwas/). GTEx, OTG, Haploreg and 

U-BIOPRED was used to identify expression quantitative trait loci (eQTLs). 

eQTLs are genetic loci that are associated with expression traits395. Mapping 

of eQTLs identifies chromosomal regions and genetic variants that are 

associated with phenotypes such as height, eye colour etc395. Microarray 

technologies can simultaneously measure the expression levels of tens of 

thousands of genes allowing the detection of the genomic regions that regulate 

these expression levels395. The Genotype-Tissue Expression (GTEx) is an 

atlas of eQTLs spanning 15,201 RNA-sequencing samples from 49 tissues 

from 838 post-mortem donors396. Genetic associations for gene expression 

and cis and trans splicing are characterised396. GTEX helps deepen our 

understanding on how genetic effects on the transcriptome can facilitate trait 

associations396. Haploreg allows the examination of polymorphisms and small 

indels and their predicted chromatin state in different cell types397. This 

facilitates analysis of enrichment of enhancers that are cell specific397. OTG 

utilises fine-mapping to systemically prioritise genes to causal variant398. OTG 

is an integrative platform that aggregates functional genomics data such as 

gene expression, chromatic interaction, protein abundance from a variety of 

different cell types and tissues398. OTG was used to identify eQTLs in lung, 

whole blood and T-cell, and variant-to-gene scores398. U-BIOPRED is a 

consortium spanning multiple institutions, pharmaceutical companies, and 

patient organisations399. U-BIOPRED was used to identify eQTLs in 

specialised tissues including bronchial, brushes, bronchial biopsy, and nasal 

brushes399. 

LDlink is a linkage disequilibrium (LD) analysis tool that allows querying of 

pairwise LDs between SNPs. LD is a non-random association between alleles 

at two or more loci in a given population400. LD is utilised to map genes 

associated with quantitative characters400. LDlink integrates reference 

population sets, functional annotations, and interactive output to investigate 

https://www.ebi.ac.uk/gwas/
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functional variants in high LD401. LDproxy of the LDlink was used to identify 

functional variants for the genetic signals401. This enables fine mapping of 

disease susceptibility regions and characterisation of functional variants based 

in genotype-phenotype associations401. Using the LDproxy of LDlink, proxies 

with the highest R2 value with the minimum of 0.2 were obtained. To note 

eQTLs,  p-value of < 0.05 was used. GWAS Catalogue is a curated collection 

of published GWAS which assists identification of casual variants, interrogation 

of disease mechanisms and establishing targets for therapeutics402.  GWAS 

Catalog was used to identify published associations403. GWAS traits were 

considered positive if a respiratory or blood/immune trait was associated with 

a risk allele of a genetic signal at genome-wide significance. A score of 1 was 

given for each signal-to-gene association identified. Signal-to-gene 

association obtained from the U-BIOPRED dataset were given a score of 2 as 

the eQTLs are specific to respiratory related samples. Genes with a score of s 

≥ 3 were taken for downstream analysis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-1. Methodology for the scoring of the gene from signal. 

Genes scoring higher than 3 were used in the downstream analysis. 
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3.3.3 Analysis of PheWAS Using GeneATLAS UK Biobank 

Data 

Phenome-wide association studies (PheWAS) allow identification of 

association between a phenotype and a specific SNP404. PheWAS utilises a 

broad range of curated human phenotypes (phenome) to explore 

associations404. GeneATLAS database is a platform of genetic associations for 

660 binary and 118 non-binary traits of 452,264 participants from UK Biobank 

of European ancestry405. Genome-wide association of 9,113,133 genetic 

variants can be queried405. GeneATLAS  was used to explore traits showing 

association with genetic signals obtained from the literature search405. A 

Bonferroni adjusted p-value of 6.42 x 10-5 was used as there are 778 traits in 

the database405. Traits were selected and grouped into respiratory, 

blood/immune, allergy, inflammatory, auto-immune and viral. Proxies with the 

highest R2 values were used using the LDlink database when the reported 

variants were unavailable. The following proxies were used: rs35761398 

(rs2501432, R2 = 1), rs1047985 (rs9272326, R2 = 0.4023), rs1059047 

(rs4253516, R2 = 0.9023), rs14701 (rs13168774, R2 = 0.8854), rs1819040 

(rs242561 R2 = 0.88), rs11385942 (rs35508621, R2 = 1), rs9271609 

(rs28366298, R2 = 0.918), rs56106917 (rs11610045, R2 = 0.996), rs2532300 

(rs242559, R2 = 0.82). 

3.3.4 Analysis of Total and Single Cell RNA Expression in 

Lung Tissue 

The Human Protein Atlas (HPA) is a database consisting of protein localisation 

and expression data in different human tissues and cells406. The entire human 

proteome was mapped using immunohistochemistry and 

immunocytochemistry, which generated over 10 million images of patterns of 

protein expression at a single-cell level406. This approach coupled with  

transcriptomics data allows interrogation of global expression profiles406. The 

expression of candidate casual genes in lung tissues were identified using the 

HPA. The average transcript per million (TPM) values from individual lung 

samples from three different transcriptomic datasets (HPA, FANTOM5, GTEx) 

are normalised to generate NX values for total lung expression406. Transcripts 

per million protein coding genes (pTPM) values were used for gene expression 
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of single cell lung tissue. Read counts from four different lung tissue datasets  

(the Human Cell Atlas, Single Cell Expression Atlas, the European Genome-

phenome Archive, the Gene Expression Omnibus (GEO) were normalised to 

provide the pTPM values406. In the chart showing total expression, genes 

displaying enriched/enhanced expression blood/immune cells were colour 

coded red, enrichment/enhancement for lung were colour coded dark blue, 

enrichment/enhancement for blood/immune and lung were coded pale blue 

and no enrichment for blood/immune and lung were colour coded black. 

Log10(pTPM) values were used for the heatmap.  

3.3.5 Analysis Using Ingenuity Pathway Analysis (IPA) 

The QIAGEN Ingenuity Pathway Analysis facilitates identification of upstream 

regulatory molecules and their downstream effects via associated 

mechanisms407. IPA aims to elucidate whether biological mechanisms that 

underlying data are relevant to previously reported causal relationships in 

literature407. List of candidate causal genes for each virus was uploaded onto 

the database. Canonical pathways were used to identify significant pathways, 

gene expression patterns, and changes in the activity of the pathways. 

Significantly associated diseases, upstream regulators and their associated 

downstream molecules were identified.  

3.3.6 Analysis of Drug Gene interaction 

The Drug Gene Interaction Database (DGIdb) is a platform that delivers 

information about drug-gene interactions and druggable gene targets using 

databases, publications, and web-based sources408. DGIdb gives an 

interaction score which is calculated by taking into account the number of 

genes that interact with the drug, evidence based on the number of 

publications and sources supporting the interaction, and the extent to which 

the drug is known to interact with other genes408.  Drugs with an interaction 

score of > 1.0 were noted. Drugs targeting the candidate casual genes which 

are currently in phase II , phase II and phase IV of clinical trials were noted 

using clinicaltrial.gov. The ClinicalTrial.gov registry reports information on 

clinical trials including the purpose of the study, recruitment status, eligibility 

criteria, location, design of the study, and important details of the protocol409.  
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3.4 Results 

 

3.4.1 Analysis of Signal-to-Gene Association Identifies 6, 108 

and 119 Candidate Causal Genes Associated with Host-RV/ 

RSV/ SARS-CoV-2 Interactions Respectively   
 

Through a systematic literature search, manuscripts were collated that 

identified genetic signals found to be associated with susceptibility to or 

severity of respiratory viral infections. Three different search engines were 

used: PubMed, Cochrane Library, and Web of Science. A list of sentinel SNPs 

was compiled, and signal-to-gene analysis were conducted where each SNP 

was scored based on previously published methodology410. Sentinel SNPs 

were defined if they were significantly associated with susceptibility or severity 

to RV/RSV/SARS-CoV-2 disease. 6, 108 and 119 candidate causal genes 

were translated from 4, 65 and 56 sentinel SNPs for RV, RSV and SARS-CoV-

2 respectively. It is possible to have more than one genes translated from a 

genetic signal. Through functional linkage, SNPs in core regulatory region can 

alter the binding of transcription factors and simultaneously affect the 

expression of multiple neighbouring genes and genes further away411. The 

highest score for RV were signals tagged to rs1800890 (IL10; score of 4) and 

rs1800795 (IL6-AS1). The signals tagged to rs1047985 (HLA-DQA1; score of 

15) and rs3131294 (HLA-DQB1; score of 14) scored the highest for RSV and 

SARS-CoV-2 respectively. There was a degree of  overlap between certain 

genes with 6, 21, and 3 genes showing overlap for RV/RSV, RSV/SARS-CoV-

2, and RV/SARS-CoV-2 respectively (Table 3-2).  

 

 

 

 

 

 

 



 114 

 

 

 

 

 

 

 

 

RV RSV SARS-CoV-2 

IL10 AIF1 AIF1 

IL6 C4A C4A 

IL6-AS1 C4B C4B 

LGALS9 CCHCR1 CCHCR1 

STEAP1B DDX39B DDX39B 

WSB1 HLA-DQA1 HLA-DQA1 

 HLA-DQA2 HLA-DQA2 

 HLA-DQB1 HLA-DQB1 

 HLA-DQB1-AS1 HLA-DQB1-AS1 

 HLA-DQB2 HLA-DQB2 

 HLA-DRB1 HLA-DRB1 

 HLA-DRB5 HLA-DRB5 

 IL10 IL6 

 IL6 IL6-AS1 

 IL6-AS1 LTA 

 LGALS9 MICA 

 LTA MX1 

 MICA SKIV2L 

 MX1 STEAP1B 

 SKIV2L TMPRSS2 

 STEAP1B VARS2 

 TMPRSS2  

 VARS2  

 WSB1  

Table 3-2: Overlap of Candidate Causal Genes between RV, RSV 

and SARS-CoV-2. Genes that showed overlap between 

RV/RSV/SARS-CoV-2 are colour-coded orange, RV/RSV are colour-

coded green, and RSV/SARS-CoV-2 are colour-coded blue.  
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The pro-inflammatory cytokine gene IL6, the long non-coding RNA, interleukin 

6 antisense RNA 1 (IL6-AS1) and the membrane component gene STEAP 

family member 1B (STEAP1B) were identified as potentially being relevant to 

all three viruses (Figure 3-3B). Cytokine genes such as IL6 and IL10 showed 

overlap between RV/RSV. HLA genes such as HLA-DQA1, HLA-DQA2, HLA-

DQB1, HLA-DQB1-AS1, HLA-DRB1, HLA-DRB5, and MHC class I 

polypeptide–related sequence A (MICA) and genes encoding for complement 

proteins complement component C4A (C4A) and C4B were found to be 

common between RSV and SARS-CoV-2. MX1 gene, common for both RSV 

and SARS-CoV-2, encodes for GTP-binding protein which is implicated in 

inhibition of viral replication412. The gene encoding for allograft inflammatory 

factor 1 (AIF-1), suggested to have a role in activation and proliferation of 

endothelial cells, was found to be common for RSV and SARS-CoV-2413. Other 

genes showing overlap for RSV and SARS-CoV-2 included CCHCR1 which is 

located within the psoriasis susceptibility locus psoriasis susceptibility 1 

(PSORS1)414, and DExD-box helicase 39B (DDX39B), which is involved in the 

exportation, splicing and translation of mRNA415. With an important role in the 

regulation of metastatic diseases in hormone receptor-negative breast cancer, 

WSB1 was found to overlap between RV and RSV416. The serine protease 

encoding TMPRSS2, which is involved in the cellular entry of SARS-CoV-2, 

was also identified in RSV susceptibility along with SARS-CoV-2417. Another 

gene identified as being common between RV and RSV was LGALS9, which 

is important in the regulation of immune response and inflammation418. Valyl-

TRNA synthetase 2 (VARS2), which encodes for mitochondrial aminoacyl-

tRNA synthetases, showed overlap between RSV and SARS-CoV-2419.  

Although genes common for different viruses were identified, many of the 

genes were found to be exclusively associated with a single virus. This is not 

surprising, as the structure and nature of these viruses differ. Some of the 

genes found to be exclusively associated with RSV are implicated in immune 

response. This includes chemokine CCL5 and chemokine receptor CCR5, 

cytokines IL4, IL8, IL13, IL15 and IL18, and immunomodulatory mediators 

IFNG and CD14. Metalloproteinases such as ADAM33, MMP1, and MMP16 

were also implicated in RSV susceptibility and severity. ADAM33 plays an 
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important role in the modelling of the airways420 whereas MMP16 is thought to 

be implicated in alveoli development421. Human collagenase  MMP1 regulates 

cell behaviour and is involved in wound repair, tissue morphogenesis and 

developmental processes422. Moreover, genes implicated in 

neurodegenerative disorders were found to be associated with RSV 

susceptibility and severity. Mutation of the annexin A11 protein (ANXA11) 

gene, which encodes for Ca2+ dependent phospholipid-binding protein, is 

implicated in the motor neuron disease amyotrophic lateral sclerosis423,424. 

BAG cochaperone 6 (BAG6) detects proteolytic fragments with exposed 

hydrophobicity and prevents them from aggregating424. Furthermore, genes 

associated with mitochondrial function were identified. For example, 

mitochondrial catalysis-associated gene cytochrome C oxidase subunit 6B1 

(COX6B1), is associated with RSV susceptibility and severity. A subunit of 

COX, COX6B1, is involved in the electron transport chain425. Whereas 

disruption of the beta-carotene oxygenase 2 (BCO2) gene, which encodes for 

the BCO2 enzyme responsible for catalysing carotenoids in the inner 

mitochondrial membrane, is linked to inflammation and metabolic disorders426.  

Genes involved in a wide range of functions were found to be associated with 

RSV susceptibility and severity. For example, bone morphogenetic protein 4 

(BMP4) plays a key role in embryogenesis and developmental processes such 

as differentiation, cell growth and apoptosis427. Cytochrome B-245 alpha chain 

(CYBA) encodes the P22(phox) protein, which is an essential component of 

the superoxide-generating nicotinamide adenine dinucleotide phosphate 

oxidases and involved in the death of microorganisms428. As a transcription 

factor, elongin A (ELOA)  promotes RNA polymerase II transcription elongation 

rate429. Moreover FANCD2 And FANCI associated nuclease 1 (FAN1) is 

involved in the repair of DNA interstrand cross-link430. RAD50 along with 

meiotic recombination 11 (MRE11A) and nibrin (NBN) have an important role 

in regulating cellular damage response following DNA double-strand breaks431. 

Another gene associated with RSV susceptibility, ring finger protein 166 

(RNF166), has various functions including recruitment of adaptor proteins and 

ubiquitin-dependent degradation432,433 whereas septin 8 (SEPTIN8) interacts 

with mitogen-activated protein kinase 5 to mediate vesicle trafficking434. 
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Members of the solute carrier family, SLC22A4 and SLC22A5 were also 

associated with RSV susceptibility and severity. Another gene, SMG7, is 

important for dephosphorylating the regulator of nonsense transcript 1 (UPF1) 

to facilitate nonsense-mediated mRNA decay435. Moreover SRA1 modulates 

the transcriptional activity of steroid receptor436.  

Genes encoding acyl-CoA synthetase family members Acyl-CoA synthetase 

family member 3 (ACSF3) and ACSL6 were found to be exclusive to SARS-

CoV-2. advanced glycosylation end-product specific receptor (AGER) gene, 

which encodes for the receptor for advanced glycation end-products (RAGE), 

was unique to SARS-CoV-2437. Expressed predominantly in alveolar epithelial 

cells and macrophages, RAGE has been shown to be implicated in COVID-

19-induced lung inflammation437. Members of the apolipoprotein APOE and 

apolipoprotein M (APOM) were found to be unique to SARS-CoV-2. APOE and 

APPB3 are associated with Alzheimer’s disease438,439. Phospholipid 

transporter-encoding gene ATPase phospholipid transporting 11A (ATP11A) 

was also found to be unique to SARS-CoV-2. Branched-chain amino acid 

aminotransferases are encoded by the branched-chain amino acid 

transaminase 2 (BCAT2) gene440. BCL11A is essential for hematopoietic stem 

cell function and regulates the transition from foetal to adult erythropoiesis 441.  

Genes encoding several adhesion molecules have been associated with 

SARS-CoV-2 susceptibility and severity. Adhesion molecules such as 

Cadherin15 (CDH15) are important for maintaining the structure, function, and 

plasticity of synapses442. Intercellular adhesion molecule 5 (ICAM5) also has 

function in synaptic development with roles spanning morphogenesis of 

dendritic spine and higher-order cognitive and motor functions443. ICAM1 has 

numerous essential roles including regulation of leukocyte recruitment to sites 

of inflammation and epithelial injury-resolution responses444. Dimethylarginine 

dimethylaminohydrolase (DDAH2) regulates RIG-I-like receptor-mediated 

anti-viral response445. Euchromatic histone-lysine N-methyltransferase 2 

(EHMT2) is implicated in the methylation of non-histone proteins446. The 

psoriasis susceptibility genes, PSORS1C1 and PSORS1C2, was also 

associated with SARS-CoV-2 susceptibility and severity. Ras interacting 

protein 1 (RASIP1) mediates Rho GTPase signalling to regulate stability and 
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growth of blood vessels447. Ribonucleoprotein PTB-binding 1 (RAVER1) is a 

multidomain protein that forms complexes with microfilament-associated 

proteins448. Members of the solute carrier family (SLC22A31, SLC6A20) and 

tripartite motif (TRIM) family (TRIM26, TRIM31, TRIM46) were found to be 

associated with SARS-CoV-2 susceptibility and severity. Transcription factor 

19 (TCF19) is an epigenetic reader protein that moderates glucose 

homeostasis through histone post-translational modifications449. A 

glycoprotein of the extracellular matrix (ECM), tenascin X (TNXB), interacts 

with various ECM proteins to accelerate fibrillogenesis of collagen450. Wnt 

family member 3 (WNT3) is an essential modulator of embryonic stem cells 

and embryogenesis451. A crucial regulator of genomic imprinting, zinc finger 

protein 57 homolog (ZFP57), dictates expression of imprinted genes by 

regulating differential DNA methylation452. Another zinc finger, zinc finger GATA 

like protein 1 (ZGLP1), confers oogenic fate453.  
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B)  

Figure 3-3. A) Venn diagram showing gene overlap identified for 

Host-RV/ RSV/ SARS-CoV-2 Interactions. B) Schematic to show 

the gene overlap scoring 3 or higher between the 3 viruses. 

Orange indicates that the gene is implicated as a candidate causal 

gene related to virus susceptibility and blue are genes not identified in 

the signal-to-gene association with that virus. 

A)  



 120 

3.4.2 Cell Type Specificity Was Observed Through Analysis of 

Single Cell RNA Expression in Lung Tissue  
  

Human Protein Atlas was utilized to explore the expression profile of candidate 

causal genes in cells of the respiratory system and blood/immune cells. AIF1, 

and IL10 were particularly enhanced/enriched in blood components (Figure 3-

4). Enrichment/enhancement of the following genes were identified in both 

blood and lung tissues: HLA-DQA1, HLA-DQA2, HLA-DQB1, HLA-DRB5. 

C4A, C4B, CCHCR1, DDX39B, HLA-DQB2, LGALS9, LTA, MICA, SKIV2L, 

STEAP1B, TMPRSS2, VARS2 and WSB1 had no enrichment/enhancement in 

blood or lung tissues. High expression of IL6 were found in endothelial cells 

out of the three overlapping genes between the three viruses (Figure 3-4). In 

comparison to the other cell types, endothelial cells and B-cells expressed 

greater expression of STEAP1B (Figure 3-4). Single-cell data for IL6-AS1 was 

unavailable. However, expression for IL6-AS1 in human bronchial fibroblasts 

was confirmed recently454. The expression of HLA genes along with AIF1 were 

particularly high in macrophages (Figure 3-4). 

 

In comparison to other genes, the expression of C4A, C4B and VARS2 were 

lower in different lung single cell types (Figure 3-4). The expression of 

CCHCR1 were higher in macrophages, endothelial cells and ciliated cells 

compared to the other lung single cell types (Figure 3-4). Similar to CCHCR1, 

the expression of DDX39B was higher in macrophages and endothelial cells 

along with T-cells (Figure 3-4). The HLA genes and AIF1 showed high 

expression in type 2 alveolar cells and macrophages (Figure 3-4). 

Furthermore, endothelial cells, T-cells and B-cells also showed higher 

expression of HLA genes (Figure 3-4). The cell type with the highest 

expression of IL10, galectin-9 (LGALS9) and MX1 were macrophages (Figure 

3-4). The expression of LTA was higher in T-cells compared to other cell types. 

Whereas the expression of helicase SKI2W (SKIV2L) and TMPRSS2 were the 

highest in macrophages and alveolar cells type 2 respectively (Figure 3-4). 

The expression of WSB1 was high in a variety of different lung tissue type, 

such as alveolar cells type 2 and 1, granulocytes, club cells and smooth muscle 

cells, compared to other genes (Figure 3-4). 
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IL-10 was enriched/enhanced in blood components for overlapping RV-

implicated genes (Figure 3-5). The expression of IL-6 was particularly high in 

endothelial cells whereas expression of IL-10 and LGALS9 was higher in 

macrophages for RV (Figure 3-5). For non-overlapping RSV-implicated genes, 

the surfactant protein SFTPA1, SFTPA2 and SFTPD were particularly 

enriched/enhanced in lung tissues. Furthermore, the surfactant proteins 

showed very high expression in alveolar cell type 2 and 1 cells for RSV (Figure 

3-6). Genes involved in the immune response, CCL5, Interferon Regulatory 

Factor 1 (IRF1), the chemokine receptors CCR1, CCR2 and CCR5, and IL8 

were enriched/enhanced in blood tissues for RSV (Figure 3-6). With roles in 

superoxide production, CYBA and NCF2 were also found to be 

enriched/enhanced in blood tissues428,455. RNF166, which is implicated in 

polyubiquitination of proteins, and SLC22A4, which facilitates elimination of 

drugs and toxins, exhibited enrichment/enhancement in blood tissues433. The 

macrophage receptor gene MARCO showed enrichment/enhancement in both 

blood and lung tissues. 

 

Higher expression of CYBA, MARCO, NCF2 genes were identified in 

macrophages for RSV (Figure 3-6). Genes encoding IL4R, mini-chromosome 

maintenance protein (MCM3) and placenta associated protein (PLAC9) 

showed higher expression in endothelial cells compared to the other cell types.  

The expression of PLAC9 was also high in fibroblasts (Figure 3-6).  The 

immune response genes, CCL5, IFNG and IFR1, showed high expression in 

T-cells (Figure 3-6). In comparison to other genes, CYBA, cysteine rich 

transmembrane module containing 1 (CYSTM1), IL18, JUN had a higher 

expression in granulocytes (Figure 3-6). The expression of IL8, JUN, MMP1 

and surfactant proteins were high in club cells (Figure 3-6). COX6B1, CYBA, 

JUN also showed high expression in B-cells (Figure 3-6). Furthermore, the 

expression of COX6B1 and CYBA were high in ciliated cells along with JUN. 

Smooth muscles showed high expression of JUN and PLAC9 (Figure 3-6). 
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Examining the non-overlapping genes SARS-CoV-2 data shows that AGER, 

ICAM1 and SLC22A31 is enriched/enhanced in lung tissues (Figure 3-7). 

Whereas BCL11A, leukocyte-specific transcript 1 protein (LST1), NF-kappa-B 

inhibitor zeta (NFKBIZ) and TNF showed enrichment/enhancement in blood 

tissues. The expression of AGER, APOM, ICAM1, IFITM3, LST1, MUC1, 

NFKBIZ and SLC2AA31 were high in alveolar type 2 cells (Figure 3-7). In 

comparison to other cell types, the expression of APOE was very high in 

macrophages. Furthermore, APOM, catalase (CAT), LST1, OAS1 and 

PLSCR1 also showed high expression in macrophages (Figure 3-7). 

Expression of AGER and MUC1 exhibited high expression in alveolar type 1 

cells whereas IFITM3, NFKBIZ, and NOTCH4 showed high expression in 

endothelial cells (Figure 3-7). Fibroblasts showed high expression of IFITM3, 

NFKBIZ and TNXB. NFKBIZ along with APOE and TNF also displayed high 

expression in T-cells. Moreover, the expression of DDAH2, flotillin-1 (FLOT1) 

and NFKBIZ were high in granulocytes. Club cells displayed higher expression 

of IFITM3, MUC1, MUC5AC, MUC5B and NFKBIZ. The expression of BCL11A 

and cyclin-dependent kinase 4 inhibitor D (CDKN2D) were high in B-cells.  

Ciliated cells showed high expression of APOM, CAT, IFITM3, LZTFL1, MUC1 

and protein-glucosylgalactosylhydroxylysine glucosidase (PGGHG) (Figure 3-

7). The levels of APOE, IFITM3, and NFKBIZ were high in smooth muscle 

cells. These data support the conclusion that the airway structural cells and 

the subsequent inflammatory cell response may be regulated by the identified 

susceptibility genes in response to viral infection.  
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  Figure 3-4. Total lung expression and gene expression in single cells of candidate causal genes identified for 

multiple viruses. Colours of the bars correspond to enrichment of lung, blood/lung and neither. Expression data was cited 

using Human Protein Atlas proteinatlas.org. 
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Figure 3-5. Total lung expression and gene expression in single 

cells of candidate causal genes identified for RV. Colours of the 

bars correspond to enrichment of lung, blood/lung and neither. 

Expression data was cited using Human Protein Atlas 

proteinatlas.org. 
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Figure 3-6. Total lung expression and gene expression in single cells of candidate causal genes identified for RSV. 

Colours of the bars correspond to enrichment of lung, blood/lung and neither. Expression data was cited using Human 

Protein Atlas proteinatlas.org. 
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Figure 3-7. Total lung expression and gene expression in single cells of candidate causal genes identified for SARS-

CoV-2. Colours of the bars correspond to enrichment of lung, blood/lung and neither. Expression data was cited using Human 

Protein Atlas proteinatlas.org. 
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3.4.3 Signals Show Association with Respiratory, Blood Cell 

Counts, Allergy, Inflammatory and Auto-immune Disorders 

 

PheWAS for 778 traits in the UK Biobank resource was interrogated to gain 

additional insight into the 14 signals underpinning the 24 candidate causal 

genes implicated in more than one host-virus interaction (Figure 3-8). The 

following signals showed association with the respiratory trait asthma, 

bronchiectasis, nasal polyp, and chronic lower respiratory diseases: 

rs143334143:CCHCR1, rs1800629:TNF-a, rs1800795:IL6, rs1800890:IL10 

rs9271609:HLA-DRB1, rs3131294:NOTCH4, rs909253 TNFB and 

rs1047985:HLA-DQA1 (Figure 3-8). Allergic traits showed association with the 

signals rs143334143:CCHCR1 and rs9271609:HLA-DRB1.  Allergic traits 

included allergy/hypersensitive/anaphylaxis, eczema/dermatitis, and 

hayfever/allergic rhinitis. Psoriasis showed association with the signals 

rs9271609:HLA-DRB1, rs3131294:NOTCH4, rs909253 TNFB, 

rs1047985:HLA-DQA1. Found within the psoriasis susceptibility locus 

PSORS1, CCHCR1 is postulated as a candidate gene responsible for the risk 

effect of psoriasis414.  Furthermore, rs9271609:HLA-DRB1 and 

rs3131294:NOTCH4 showed association with inflammatory conditions such as 

ulcerative colitis.  

Auto-immune conditions also showed associations. Hypothyroidism/ 

myxoedema showed association with rs143334143:CCHCR1, 

rs1800629:TNF-a, rs3131294:NOTCH4, rs909253:TNFB and 

rs1047985:HLA-DQA1. In particular, rs3131294:NOTCH4 showed associated 

with various auto-immune conditions such as diabetes, hypothyroidism, 

multiple sclerosis, and rheumatoid arthritis (Figure 3-8). The signals 

rs1800629:TNF-a, rs9271609:HLA-DRB1, rs3131294:NOTCH4 and 

rs909253:TNFB showed association with diabetes. Moreover, 

rs9271609:HLA-DRB1 and rs3131294:NOTCH4 were associated with multiple 

sclerosis which was also identified in the top 10 pathways for both RSV and 

SARS-CoV-2. The signal tagged to the three overlapping genes at rs1800795, 

showed association with the respiratory trait asthma and blood/immune traits 

such as eosinophil, lymphocyte, and neutrophil count.  
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For genetic signals unique to viruses, rs1800890:IL10 associated with RV 

susceptibility showed association with J33 Nasal Polyp and immune traits such 

as eosinophil percentage and neutrophil percentage (Figure 3-9). Genetic 

signals associated with RSV susceptibility that have been implicate in the 

IL4/IL13 axis showed association with asthmatic traits (Figure 3-10). This 

included  rs1800925:IL13, rs1805010:IL4R, rs20541:IL13, rs2070874:IL4, 

rs2227284:IL4, rs2243250:IL4, rs2243270:IL4, rs734244:IL4 (Figure 3-10). 

The genetic signal postulated to encode GMSCF (rs7727544) also showed 

association with asthma (Figure 3-10). Furthermore the following asthma 

associated- genetic signals also showed association with chronic respiratory 

disease: rs1800925:IL13, rs1805010:IL4R  and rs20541:IL13 (Figure 3-10).  

Various genetic signals showed association with  eosinophil count including 

rs14701:SLC22A5, rs1799724 TNF, rs1800925:IL13, rs1801275:IL4R, 

rs1805010:IL4R, rs20541:IL13, rs2070874:IL4, rs2227284:IL4, 

rs2228570:VDR,  rs2243250:IL4, rs2243270:IL4, rs274549:SLC22A5, 

rs35761398:CNR2, and rs7727544: GMSCF (Figure 10). Association between 

the allergic trait eczema and dermatitis and the following genetic signals were 

observed: rs1800925:IL13, rs20541:IL13, rs2070874:IL4, rs2227284:IL4, 

rs2243250:IL4, rs2243270:IL4 and rs734244:IL4 (Figure 3-10). The genetics 

signals rs1800925:IL13 and rs20541:IL13 showed association with psoriasis. 

rs1047985: HLA-DQA1 and rs3732378: CX3CR1 was associated with the 

auto-immune conditions disorders of the thyroid gland and rheumatoid arthritis 

(Figure 3-10).  

Genetic associations unique to SARS-CoV-2 susceptibility and severity 

showed association with respiratory traits. Asthma was associated with 

rs9411378:ABO whereas allergy, hypersensitivity and anaphylaxis was 

associated with rs73510898:ZGLP1 (Figure 3-11). Associations between 

inflammatory conditions and several signals were identified. rs9380142:HLA-

G showed association with inflammatory bowel disease, ulcerative colitis and 

psoriasis (Figure 3-11). Furthermore, rs73510898:ZGLP1 was associated with 

ulcerative colitis and psoriasis and rs34536443:TYK2 was associated with 

psoriasis (Figure 3-11).  Overall, these data suggest that these signals are 

predominantly implicated in inflammation. Furthermore, a diverse range of 
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traits were shown to be associated with overlapping signals. This may facilitate 

understanding of the mechanisms behind pathways and diseases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. PheWAS of genetic signals associated with 

candidate causal genes that showed overlap between multiple 

viruses. The p-value size corresponds to the size of the bubbles. 

Lower p-value corresponds to bigger bubbles. The bubbles are 

colour-coded based on traits with red:respiratory, 

blue:blood/immune, yellow:allergy, green:inflammatory, 

purple:auto-immune. 
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Figure 3-9. PheWAS of genetic signals associated with 

candidate causal genes for RV. The p-value size corresponds 

to the size of the bubbles. Lower p-value corresponds to bigger 

bubbles. The bubbles are colour-coded based on traits with 

red:respiratory, blue:blood/immune, green:inflammatory. 



 131 

Figure 3-10. PheWAS of genetic signals associated with 

candidate causal genes for RSV. The p-value size 

corresponds to the size of the bubbles. Lower p-value 

corresponds to bigger bubbles. The bubbles are colour-coded 

based on traits with red:respiratory, blue:blood/immune, 

yellow:allergy, green:inflammatory, purple:auto-immune. 
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Figure 3-11. PheWAS of genetic signals associated with 

candidate causal genes for SARS-CoV-2. The p-value size 

corresponds to the size of the bubbles. Lower p-value 

corresponds to bigger bubbles. The bubbles are colour-coded 

based on traits with red:respiratory, blue:blood/immune, 

yellow:allergy, green:inflammatory, purple:auto-immune, 

pink:viral. 
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3.4.4 IPA Analysis Identifies Pathways Associated with Host-

Virus Interactions  
  

Ingenuity Pathway Analysis (IPA) was used to interrogate the candidate causal 

genes implicated in the signal to gene mapping. From the candidate causal 

genes, 73, 138 and 97 pathways potentially mediating susceptibility to infection 

of RV, RSV and SARS-CoV-2 respectively were identified. Interestingly a 

significant overlap (25.3%) was observed between all three viruses (Figure 3-

12A). This suggests that the immunomodulatory pathway may be particularly 

important for susceptibility to or severity of RV, RSV and SARS-CoV-2 

infection. Common pathways between the three viruses were observed. 59, 79 

and 46 pathways overlapped for RV/RSV, RSV-SARS-CoV-2, and RV/SARS-

CoV-2 respectively. For all three viruses, 42 pathways were found to be 

common with pathways diverse as tumor microenvironment pathway and Th1 

and Th2 activation pathway being identified. Th1 and Th2 activation pathways 

and the Th1 pathway showed overlap between all three viruses (Figure 3-12B). 

Of particular note, the neuroinflammation signalling pathway was identified to 

be common for both RSV and SARS-CoV-2 (Figure 3-12B). Other overlapping 

pathways in the top 10 included crosstalk between dendritic cells and natural 

killer cells, macrophage activation pathway, multiple sclerosis signaling 

pathway, and Th2 pathway (RSV/SARS-CoV-2) (Figure 3-12B). These 

findings suggest that a significant immunomodulatory mechanism could be 

employed by RV, RSV and SARS-CoV-2 upon infection which aligns well with 

the PheWAS findings.  

 

Pathways implicating the airways were also identified for RV, RSV and SARS-

CoV-2 such as  airway inflammation in asthma for RV and RSV, and airway 

pathology in chronic obstructive pulmonary disease for RV, RSV and SARS-

CoV-2. Coronavirus pathogenesis pathway was also common between the 

three viruses. Moreover, 42 pathways were found to be unique for RSV 

whereas 10 and 14 pathways were unique for RV and SARS-CoV-2 

respectively. One of the pathways unique to RV was the Th17 activation 

pathway. Pathways unique to RSV included the RAR activation and neutrophil 

extracellular trap signaling pathway. For SARS-CoV-2, pathways found to be 
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unique included coronavirus replication pathway. Novel pathways implicating 

autoimmune disorders such systemic lupus erythematosus and rheumatoid 

arthritis were observed between the three viruses. These include systemic 

lupus erythematosus in T cell signaling pathway and systemic lupus 

erythematosus in B cell signaling pathway. For genes identified for RV, Th1 

was the top pathway (Figure 3-13). For RSV, the most significant pathway was 

the macrophage activation pathway (Figure 3-14). The top pathway for SARS-

CoV-2 was IL10 signalling (Figure 3-15). 
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Figure 3-12. A) Venn diagram showing pathway overlap for 

genes implicated in  Host-RV/ RSV/ SARS-CoV-2 susceptibility. 

B) Table showing the top 10 pathways for each RV, RSV and 

SARS-CoV-2. Pathway is common between all virus is colour 

coded blue. Pathway common between RSV and SARS-CoV-2 is 

highlighted orange.  
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Figure 3-13. Schematic of the top canonical pathway for RV. The 

Th1 pathway was the top pathway for RV. The purple border 

highlights the candidate causal genes obtained from the signal-to-

gene pipeline analysis that is implicated in the pathway: IL6, IL10 

and LGALS9.  
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Figure 3-14. Schematic of the top canonical pathway for RSV. The 

macrophage activation pathway was the top pathway for RSV. 

The purple border highlights the candidate causal genes obtained from 

the signal-to-gene pipeline analysis that is implicated in the pathway.  
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Figure 3-15. Schematic of the top canonical pathway for SARS-

CoV-2. The IL-10 signalling pathway was the top pathway for SARS-

CoV-2. The purple border highlights the candidate causal genes 

obtained from the signal-to-gene pipeline analysis that is implicated in 

the pathway. 
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3.4.5 IPA Analysis Identifies Diseases and Functions 

Associated with Host-Virus Interactions  

Using IPA, association of diseases with host-RV, RSV and SARS-CoV-2 were 

identified. For the genes identified for the three viruses, a high degree of 

overlap (80.3%) was associated with the diseases (Figure 3-16A). 74, 65 and 

69 disease pathways were identified for RV, RSV and SARS-CoV-2 

respectively with 61 diseases being common for the three viruses. The top 

diseases identified for RV were diseases involving cellular development 

(Figure 3-16B). Connective tissue disorders were the top disease for RSV 

(Figure 3-16B) whilst infectious diseases were the top disease for SARS-CoV-

2 (Figure 3-16B). The top 10 diseases associated with SARS-CoV-2 

susceptibility and severity included various diseases implicating multiple organ 

systems (Figure 3-16B). These included connective tissue disorders, 

endocrine system disorders, gastrointestinal disease, and neurological 

disease. Overlap in diseases between the three viruses were also observed. 

For RV/RSV,  diseases involving cellular development, cellular growth and 

proliferation, development and function of hematological system, and structure 

and development of lymphoid tissue were common in the top 10. In contrast, 

only gastrointestinal disease overlapped between RV and SARS-CoV-2 in the 

top 10. Whereas connective tissues disorders, inflammatory disease, 

immunological disease, inflammatory response and organismal injury and 

abnormalities were found to be common for both RSV and SARS-CoV-2. 

These results suggest that infection involving SARS-CoV-2 is more systemic 

and affects multiple organ systems whereas diseases implicating the immune 

response are important for all three viruses. Furthermore, RSV and SARS-

CoV-2 had no unique diseases. In contrast, 5 diseases were found to be 

unique to RV. These included behavior, DNA replication, recombination and 

repair, organismal functions, amino acid metabolism and post-translational 

modifications.  
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Figure 3-16. A) Venn diagram showing disease overlap 

identified for Host-RV/ RSV/ SARS-CoV-2 Interactions. B) 

Table showing the top 10 diseases for RV, RSV and SARS-

CoV-2. Pathway common between RV/RSV is highlighted in green, 

yellow for RV/SARSCoV-2 and orange for RSV/SARS-CoV-2.   
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3.4.6 Upstream Regulators of Genes Identified for Host-

RV/RSV/SARS-CoV-2 Interactions 

Upstream analysis associated with the three viruses were further investigated 

using IPA. 244 upstream regulators were found to overlap between the three 

viruses (Figure 3-17A). The most significant upstream regulator for RV was 

identified as Neuropeptide Y (NPY) with IL10 and IL6 being the target 

molecules (Figure 3-17B). TLR4, the most significant upstream regulator for 

RSV, targeted CCL5, CCR5, CXCL8, IFNG, IL10, IL13, IL15, IL18, IL4, IL6, 

MMP1, MX1 (Figure 17B). For SARS-CoV-2, forkhead Box C1 (FOXC1) was 

the most significant upstream regulator. The target molecules for FOXC1 were 

HLA-C, HLA-DQB1, HLA-F, ICAM1, IFITM3, IFNAR1, IFNAR2, MUC1, MX1, 

OAS1, OAS2, OAS3 (Figure 3-17B). For RV, the top 10 upstream regulators 

consisted of cytokines, G-protein coupled receptors, kinase, and 

transmembrane receptors. In contrast, the top 10 for RSV was populated with 

transmembrane receptors such as TLR4, TLR2, TLR6 and TLR9. Whereas 

transcription regulators including FOXC1, high mobility group box 1 (HMGB1), 

STAT1 and twist-related protein 1 (TWIST1) showed association for SARS-

CoV-2 in the top 10.  

Cytokines were identified in the top 10 for all three viruses. These data 

suggests that the expression of other molecules may be regulated by cytokines 

for all three viruses. Whereas transmembrane receptors and transcriptional 

regulators may influence expression of other molecules for host-RSV and host-

SARS-CoV-2 interactions respectively. 24, 236 and 95 upstream regulators 

were unique to RV, RSV and SARS-CoV-2 respectively. AKT 

Serine/Threonine Kinase 1 (AKT1) is one of the upstream regulators unique to 

RV. Whereas, TGF-β1 was unique to RSV. 6-phospho-fructo-2-

kinase/fructose-2,6-biphosphate-3 (PFKFB3) was an upstream regulator 

unique to SARS-CoV-2. Novel upstream regulators for the three viruses were 

also identified. latent-transforming growth factor beta-binding protein-2 

(LTBP2), lysosome-associated membrane protein 2 (LAMP2) RNA, Ro60-

associated Y3 (RNY3) were unique for RV, RSV, SARS-CoV-2 respectively. 

Overlapping, unique and novel upstream regulators can serve as molecular 
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targets for further understanding host-RV, RSV and SARS-CoV-2 

pathogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-17. A) Venn diagram showing predicted upstream 

regulators overlap for Host-RV/ RSV/ SARS-CoV-2 Interactions. 

B) Table showing the top 10 upstream regulators for RV, RSV and 

SARS-CoV-2. The colours indicate types of upstream regulator with 

yellow:other, pink:trans membrane receptor, blue:kinase, purple:G-

protein coupled receptor, grey:complex, green:cytokine, 

white:transcription regulator. 
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3.4.7 Analysis of Gene-Drug Interaction and Clinical Trial Data 

Identifies Genes as Druggable Targets  

 

Candidate causal genes identified from the signal-to-gene analysis for 

susceptibility to each virus could be druggable targets. This can be utilised for 

the purpose of drug repurposing or to facilitate the development of novel 

therapeutics. The database “clinical trials.gov” was interrogated to identify any 

drugs that targeted the candidate causal genes and were currently in phase II, 

III and IV of clinical trials. For genes associated with RV, RSV and SARS-CoV-

2 susceptibility and severity, 1 , 16 and 11 genes were targeted by drugs that 

were in phase II, III and IV respectively. There was a diverse range of 

therapeutics ranging from anti-cancer drugs to monoclonal antibodies. To 

explore the interaction between the candidate causal genes and drugs, the 

drug-gene interaction database was examined. The highest drug interaction 

associated with RV infection was lactose. Siltuximab and olokizumab, which 

targeted IL6, were the highest scoring monoclonal antibodies for RV. 

Interestingly, IC14 was the highest scoring monoclonal antibody for RSV with 

an interaction score of 92.74.  Commonly used to treat sepsis, IC14 targets 

CD14. Elezanumab, an anti-RGMA antibody, had the highest interaction score 

at 61.83 for SARS-CoV-2 along with anti-CCR9 antagonist MLN3126 and 

vercirnon.  
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3.5 Discussion 

The need for greater understanding of respiratory viral infections is imperative 

as they are one of the leading causes of mortality and morbidity worldwide. 

The main aim of the Chapter was to conduct a signal-to-gene/pathway analysis 

and drug-gene interaction analysis using genetic signals associated with 

RV/RSV/SARS-CoV-2 susceptibility and disease severity. Through 

interrogation of multiple datasets, 6, 108 and 119 candidate causal genes were 

identified to be relevant to RV, RSV and SARS-CoV-2, respectively. IL6, 

STEAP1B and IL6-AS1 were implicated as important for all three viruses. 

Phenotypes relating to respiratory, blood cell counts, allergic, inflammatory, 

and auto-immune and viral traits were identified to be associated to the genetic 

signals using  phenome-wide association analyses. Association between 

these traits and the signals showed excellent agreement with the identified 

gene-based pathway analyses. Of note, pathways involving modulation of the 

immune system may be particularly important for interactions between the host 

and RV, RSV, and SARS-CoV-2 interactions. Analysis of disease associations 

showed that SARS-CoV-2 infection may impose a more systemic effect on the 

host with an overarching influence on multiple organ systems, as opposed to 

RV and RSV, which were more restricted. Insight into the site of action of the 

three viruses were given following expression profiling and the enrichment of 

the candidate causal genes in lung and blood tissues. Initial interactions 

between the virus and the host airway and then the subsequent inflammation 

is important. Analysis of drug-gene interaction highlighted opportunities for the 

individual viruses including confirmation of drugs currently in use for example 

the treatment of SARS-CoV-2 infection using anti-IL6 antibodies. The 

development of novel therapeutics may be aided by targeting the genes, 

pathways and upstream regulator identified from the analysis.   

Only 24 candidate causal genes were found to overlap between the three 

viruses out of the 206 identified with only IL6, IL6-AS1 and STEAP1B being 

common for all three (Figure 3B). NF-kB-mediated IL6 production has been 

documented to be stimulated by RV infection456. Moreover, RV-induced 

production of IL6 may potentially be associated with pyrexia, systemic 
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symptomatology, infiltration of submucosal lymphocytes, and anti-viral 

antibody response456. IL6, an anti-inflammatory regulator, is thought to be 

important in the RSV infection disease severity. Following RSV infection, lung 

resident immune cells are stimulated by IL6 which produces IL27 and 

subsequently drives the suppression of inflammation191. Negative correlation 

between IL6 and partial pressure of oxygen in arterial blood and peripheral 

oxygen saturation was observed in individuals with SARS-CoV-2 infection457. 

This has been suggested to be associated with respiratory failure. 

Furthermore,  IL6 was identified as a relevant predictor of SARS-CoV-2 

disease outcome457. In comparison to IL6, few reports implicate IL6-AS1 and 

STEAP1B in RV, RSV or SARS-CoV-2 infection.  

The difference in the three infections is indicated by the identification of only a 

small number of common genes between the three viruses. Genes with a wide 

variety of different functions were found to be unique for RSV and SARS-CoV-

2. Genes with immunoregulatory functions such as CCR5, CCL5, IL4, IL8, 

IL13, IL15, IL18, IFNG and CD14, and metalloproteinases such as ADAM33, 

MMP1 and MMP16 were unique to RSV. Mitochondrial catalysis genes for 

example BCO2, COX6B1 were also found to be unique to RSV. Other unique 

genes to RSV included CYBA, implicated in microorganism death, ELOA, 

involved in elongation rate of RNA polymerase II transcription, and FAN1 with 

functions in DNA interstrand cross-link.  In contrast, genes encoding adhesion 

molecules such as CDH15, ICAM1, ICAM5 were unique to SARS-CoV-2. 

Apolipoprotein family members APOE and APOM were also found to be 

unique for SARS-CoV-2. RASIP1, which regulates Rho GTPase signalling, 

gene-encoding the epigenetic reader protein TCF19, TNXB which stimulates 

collagen fibrillogenesis and WNT3 a modulator of embryogenesis was some 

of the genes unique to SARS-CoV-2449–451,458. These analyses provide a 

framework to further investigate the identified candidate causal genes for the 

individual virus and importantly the overlapping genes between two or three 

viruses. 
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Immunomodulatory pathways were identified as the top pathway for all three 

viruses. Asthma exacerbation induced by RV infection is postulated to 

stimulate inflammation of the airways through either the inhibition of virus-

specific Th1 responses, the enrichment of Th2 responses, or both to alter the 

downstream T-cell responses459. For RSV identified genes, the macrophage 

activation pathway was the top disease. Infection of alveolar macrophages 

with RSV showed an increase in neutrophil infiltration and exacerbation of 

allergic airway inflammation460. Genes involved in activation of macrophages 

were upregulated in RSV-challenged lung macrophage cells461. The top 

pathway for SARS-CoV-2 was IL10 signalling. Pro-inflammatory cytokines 

such as IL10 were produced upon SARS-CoV-2 infection. IL10 production 

along with macrophage activation can result in vascular hemostasias which 

can lead to capillary leak syndrome, thrombosis and disseminated 

intravascular coagulation462. Subsequently ARDS can develop which can lead 

to the failure of multiple organs and death462. However, regulatory cells such 

as Tregs can produce IL10 to antagonize the overactive immune response 

therefore acting as a strong anti-inflammatory agent462. Furthermore, IL10 

could present as a prognostic biomarker as significant association between 

IL10 production and COVID-19 disease severity has been documented463.  

Pathways unique to RV, RSV and SARS-CoV-2 were also identified. The Th17 

activation pathway was found to be unique to RV. The IL-23/Th17 pathway is 

an important inflammatory pathway which mediates abnormal inflammatory 

responses464. A study by Teng et al found that children with RV infection had 

significantly elevated levels of Th17 and reported that IL-23/Th17 contributes 

to the development of RV-associated wheezing464. Whereas neutrophil 

extracellular trap (NET) signaling pathway and RAR activation were some of 

the unique pathways for RSV. Neutrophil extracellular traps are DNA structures 

decorated with cytosolic, nuclear, and granular proteins which entrap 

pathogens.465 During RSV infection, neutrophils release NETs to prevent RSV 

from binding to host cells thereby limiting infection466. In contrast, little literature 

exists on RAR activation and RSV infection. Retinoic acid receptor (RAR), 

which serves as a ligand-activated transcription factor, is activated by all-trans 

retinoic acid and 9-cis-retinoic acid467. Therefore further investigation may be 
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useful. For SARS-CoV-2, pathways found to be unique included coronavirus 

replication pathway and IL-22 signalling. Although coronavirus pathogenesis 

was found to overlap between the three viruses, coronavirus replication was 

unique to SARS-CoV-2. Whereas Il-22, a member of the IL-10 family of 

cytokines, was reported to be elevated in hospitalised COVID-19 patients and 

associated with cardiac risk during hospitalisation468. Moreover, novel 

pathways implicating autoimmune disorders such systemic lupus 

erythematosus and rheumatoid arthritis were observed between the three 

viruses. These include systemic lupus erythematosus In T cell signaling 

pathway and systemic lupus erythematosus In B cell signaling pathways. The 

genes and signalling molecules involved in overlapping or unique pathways 

may serve as useful targets for therapeutic approaches to treat respiratory viral 

infections. 

Diseases involving cellular development, connective tissue disorders, and 

infectious diseases were the top disease associations identified with RV, RSV 

and SARS-CoV-2, respectively. In comparison to RV and RSV, diseases 

affecting various different organ systems such the endocrine, gastrointestinal 

and nervous system were identified for SARS-CoV-2. Only five disease 

classes were unique to RSV whereas RSV and SARS-CoV-2 had zero unique 

disease classes. Several overlapping diseases such as endocrine system 

disorders were identified. Little is known about the influence of RV infection on 

the endocrine system. With regards to RSV, a retrospective study showed that 

low sodium levels (hyponatraemia) were common among a cohort of 130 

infants with RSV infection469. Furthermore, four infants suffered hyponatraemic 

seizures469. As one of the most frequent comorbidities associated with COVID-

19 severity, the endocrine disorder diabetes and its relationship with COVID-

19 is a topic of much interest. SARS-CoV-2 may inflict damage by binding to 

the abundantly expressed ACE2 on the pancreatic β-cells470. Severe 

complications of pre-existing diabetes such as diabetic ketoacidosis and new 

onset of diabetes in individuals with COVID-19 have also been reported471,472. 

Furthermore, COVID-19 susceptibility and severity may be impacted by 

obesity, adrenal dysfunctions and hypovitaminosis470. Gastrointestinal disease 

was one of the overlapping diseases for RV, RSV and SARS-CoV-2. Infection 
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of the digestive tract by SARS-CoV-2 has also been documented with the GI 

tract showing high expression of the ACE2 receptor473. The increase in 

COVID-19 incidence could be attributed to the effect of elevated blood glucose 

levels on ACE2 expression. In comparison, there is little literature on RV/RSV 

infection and gastrointestinal disease.  

Neurological disease was one of the diseases showing overlap between the 

three viruses. A case report was reported of a previously healthy boy who 

acquired RV-associated acute encephalitis474. Neurological symptoms such as 

seizures and disturbance of the consciousness were observed474. A meta-

analysis assessing the neurological complications of RSV infection reported 

that seizure was the most commonly reported neurological manifestation475. 

Moreover, the central nervous system of 12 cases was positive for RSV 

detection475. The initial report from Wuhan China highlighted that 36.4% of 

patients with COVID-19 exhibited neurological symptoms476. These 

manifestations could be characterised into three categories: central nervous 

manifestations (headache, dizziness impaired consciousness, seizure etc.), 

peripheral nervous system (impairment of smell, taste and vision, and nerve 

pain) and skeletal muscular injury476. Furthermore, 73% of hospitalised 

COVID-19 patients from a cohort of 2533 patients exhibited neurological 

symptoms477. Another overlapping disease between the three viruses was 

connective tissue disorder. However, little has been reported about connective 

tissue disorder and its association with RSV or RV infection. In contrast, risk 

of autoimmune and autoinflammatory connective tissue disorders has been 

associated with COVID-19478. In a retrospective study, association between 

COVID-19 severity and the following autoimmune and connective tissue 

disorders such as rheumatoid arthritis, ankylosing spondylitis, Crohn’s 

disease, ulcerative colitis, psoriasis, and sarcoidosis were identified478.  

Exploration of upstream regulators revealed that NPY, TLR4 and FOXC1 were 

the top upstream regulators for RV, RSV and SARS-CoV-2 respectively. NPY 

helps mediate numerous physiological processes in the immune, 

cardiorespiratory, endocrine and the nervous system479.  As a neuromodulator 

NPY facilitates the release of neurotransmitters such as dopamine480. NPY 
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also impacts different airway functions and helps regulate the tone of the 

airways and the smooth muscle479. During asthma exacerbation, the levels of 

NPY in serum are elevated479. TLR4 is an innate immune receptor which forms 

a complex with MD-2 to detect polysaccharide, a gram-negative bacterial 

surface component251. In response to viral infection, TLR4-mediated signalling 

also stimulates the production of Type I interferons and proinflammatory 

cytokines251. Interaction between RSV fusion protein and RSV through MD-2 

has also been documented481. Furthermore, RSV-induced TLR4 signalling has 

shown to be inhibited by the TLR4 antagonists Rhodobacter sphaeroides LPS 

and synthetic E5564482. FOXC1, believed to have a role in embryonic 

development, is relatively unknown in regard to pathways and mechanisms483. 

However, pathogenic variants of FOXC1 are associated with Axenfeld-Rieger 

syndrome (ARS) and anterior segment dysgenesis483. ARS is characterised 

by distinctive facial features, and skeletal, dental, cardiac and audiologic 

abnormalities483. 

IPA analysis also identified upstream regulators unique to the three viruses. 

One of the upstream regulators unique to RV is protein kinase B (AKT1). Upon 

exposure to external stimuli, PI3K is activated resulting in the production of 

PIP3484. Recruitment of AKT to the membrane is then initiated484. Through the 

PH binding domain, AKT then interacts with PIP3 to exert downstream effects 

such cell migration, proliferation, cell growth and survival and angiogenesis 

manning484. With regards to RV, a study has shown that PI3K and 

subsequently AKT is activated upon RV infection485. Furthermore, AKT 

activation is required for maximal IL8 expression, a key cytokine suggested to 

be implicated in RV-induced asthma and COPD exacerbations485. TGF-β1, a 

unique upstream regulator to RSV, is a key driver of developmental and cell 

behaviour processes486. Gene expression is regulated by TGF-β through 

receptor-mediated activation of SMAD transcription factors486. RSV infection 

has shown to enhance RSV replication by inducing cell cycle arrest487. 

Moreover, application of TGF-β1 signalling inhibitors and anti-TGF-β1 

antibody led to the rescue of RSV-induced cell cycle arrest487. PFKFB3 was 

identified as a unique upstream regulator for SARS-CoV-2. A study explored 

the mechanisms underlying dysregulated glucose metabolism and how this 
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could facilitate development of a severe SARS-CoV-2 infection in diabetic 

patents488. Glycolytic flux was shown to impact SARS-CoV-2 infection488. 

Replication of SARS-CoV-2 and cytokine response was found to be abolished 

following inhibition of PFKFB3 and lactate dehydrogenase A488. This suggests 

that glycolysis could be an important upstream event during SARS-CoV-2 

pathogenesis488.  

Novel upstream regulators associated with RV-RSV and SARS-CoV-2 

susceptibility and severity have been identified. A major component of lung 

and arterial tissue, and ciliary zonule, LTBP2 is a secreted extracellular matrix 

protein489. LTBP2 has also been suggested to be a biomarker for idiopathic 

pulmonary fibrosis and connective tissue disease-associated interstitial lung 

disease489.  LAMP2, identified to be a novel upstream regulator for RSV, is a 

highly glycosylated lysosomal membrane protein with essential function in 

chaperone mediated autophagy490. LAMP2 mutation is associated with a triad 

of cardiomyopathy, myopathy and encephalopathy presentation in individuals 

with the X-linked Danon’s disease490. This skeletal and cardiac muscular 

pathogenesis is attributed to inefficient biogenesis and maturation of 

lysosomes490.  RNY3, a novel upstream regulator for SARS-CoV-2, is a part of 

the Y-RNA family491. They have been proposed to be implicated in RNA-

protein complex scaffolding and assembly491. Moreover, Y-RNAs are 

differentially expressed in individuals with allergic asthma and dysregulated in 

various different cancers492. A study investigated the effect of RNY3 in Th2 cell 

inflammatory response of allergic asthma492. It was reported that Jurkat cells 

transfected with RNY3 led to a significant increase in the mRNA levels of IL13 

and decrease in cell proliferation492. Identification of key upstream regulators 

and their relationship towards downstream genes in pathways is useful for 

gaining a more mechanistic understanding and for deciphering the molecular 

basis of the viral infections. Furthermore, targeting these unique upstream 

regulators may potentially be useful when specific approaches to target 

specific viruses when developing new drugs.   
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Drug targets with mechanisms supported by human genetic evidence have 

shown positive impact in successful development493. In a retrospective study, 

progression for genetically supported drug targets through the drug 

development were twice as likely compared to targets with genetic support390. 

Investigation of therapeutics targeting the candidate casual genes for the 

treatment of several diseases have been reported in clinical trials. For 

example, the efficacy of anti-IL6 monoclonal antibody Clazakimumab for the 

treatment of active psoriatic arthritis was investigated in a randomized, double-

blind clinical trial494. Currently the treatment of COVID-19 with Clazakimumab 

are being investigated in clinical trials495. A randomized double-blind clinical 

trial investigated the efficacy of Clazakimumab in improving patient outcomes 

in patients hospitalised for severe or critical COVID-19 with 

hyperinflammation495 . Drug-gene interactions should be carefully interpreted 

for the purpose of drug repurposing. For example, many of the drugs targeting 

the candidate causal genes are chemotherapy drugs which may not be suited 

for repurposing. Therapeutic opportunities to treat respiratory viral infections 

remain limited despite being one of the leading causes of mortality. Currently, 

no licensed vaccines for RV exist496. Therefore, it is important to develop new 

therapeutics or repurpose drugs to treat respiratory viral infections particularly 

in susceptible individuals. 

In summary, a significant shift in our understanding of genes and pathways 

have been provided by these findings which may be particularly relevant for 

determining the susceptibility and severity of three major respiratory viruses. 

These novel findings provide a significant opportunity for the development of 

new therapeutic approaches which could target the effects of respiratory 

viruses. By using this genetics-based approach and studying the similarities 

and differences between the viruses, this can lead to effective drug-

repurposing for broad anti-viral activity.  

 

 

 



 152 

4.0 Using Transcriptomics to Study How Primary 

Human Epithelial Cells Respond to Prolonged Virus 

Infections 

 

4.1 Introduction 
 

In the last Chapter I set out to leverage genetic association studies to identify 

genes and pathways that may be important in the host response to three 

common respiratory viruses. In the current Chapter I aimed to leverage 

transcriptomic data to characterise the cellular response to these same viruses 

with scope to provide new insight but importantly provide support for the role 

of genes and pathways that I identified in Chapter 3. Transcriptomic profiling 

is a vital part of genomic research and meaningful biological insights have 

been garnered through the use of RNA-seq497. The technique offers a 

framework for exploring differential gene expression, novel transcripts, allele-

specific expression, and alternative splicing498.  

In transcriptomic sequencing, RNA is extracted, and a library preparation 

protocol is prepared which either enriches or depletes a total RNA sample for 

a specific RNA species357. This allows the removal of transcripts that 

consumes the bulk of sequencing reads so that less-abundant RNAs can be 

detected, and the overall depth of sequence coverage can be 

maintained357,499. For example, RNAs with polyadenylated (poly-A) can be 

selected for by using poly-T oligos bonded to a substrate357. A library of cDNA 

fragments is then created, and sequencing adaptors are ligated to one or both 

ends356. To retain information of the strands, which is vital for de novo transcript 

discovery, chemical labels such as deoxy-UTP are incorporated to allow the 

second strand cDNA to be distinguished from the first500. Each molecule is 

sequenced in a high-throughput manner to attain short sequences from either 

both end (paired-end sequencing) or one end (single-end sequencing)356. The 

resulting reads are either aligned to a reference genome or transcript or 

assembled de novo without a genomic sequence356. The reads are then 
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classified into three types (junction reads, exonic reads, and poly(A) end-

reads) to create a base-resolution expression for each gene356. 

One of the most powerful uses of RNA-seq technology is investigating the 

differences in gene expression between two or more conditions through a 

process called differential expression. Statistical modelling via normalisation is 

applied during differential expression analysis to reduce variability and remove 

systematic biases498. Profiling changes in host gene expression during viral 

infection can give insight into the complex interplay of pathways involved in 

host-virus interactions. Furthermore, pathways impacted by the virus can be 

inferred by identifying upregulated and downregulated genes. Therefore, the 

use of RNA-Seq has contributed to significant discoveries in the field of 

respiratory medicine. A study by Yick et al utilised RNA-Seq to understand the 

molecular and cellular pathways of asthma501. Forty-six genes, including solute 

carrier family 26 member 4 (SLC26A4) and periostin osteoblast-specific factor 

(POSTN), were found to be differentially expressed between asthma and 

control501. SLC26A4 has shown to be associated with asthma pathophysiology 

whereas POSTN is highly induced in airway epithelial cells501. Furthermore, 

several of the genes were found to be involved in mRNA degradation and 

translational processes such as Staufen double-stranded RNA binding protein 

2 (STAU2) and tryptophanyl-tRNA synthetase (WARS)501. The differentially 

expressed genes were also associated with gene networks implicated in 

cellular movement, morphology and apoptosis501. Whereas the large-airway 

epithelium, peripheral blood, and alveolar macrophages were profiled in a 

study by Morrow et al to identify tissue-specific gene expression and pathway 

signatures of COPD502. The smoking-related genes cytochrome P450 1B1 

(CYP1B1) and aryl hydrocarbon receptor repressor (AHRR) were among the 

top differentially expressed genes in large-airway epithelium502. A significant 

overlap of smoking and airway disease phenotypes were found between large 

airway epithelium and macrophages502. In addition, pathways involving 

haemostasis and immune signalling overlapped between the three tissues for 

emphysema and pathways relating to amyloid and telomere for smoking502.  
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Our understanding of host-viruses interactions has been strengthened by the 

use of transcriptomics. A study by Nicolas de Lamballerie et al characterised 

the cellular transcriptomic signatures of nasal airway epithelium following 

respiratory virus infection499. A global virogenomic signature of downregulated 

cilium-related gene expression, particularly those involved in ciliary dynein 

machinery and intraflagellar transport, was found to be shared by influenza 

viruses, hRSV, and hMPV499. Since primary respiratory infection can contribute 

to the establishment of secondary infection through impairment of mucociliary 

clearance (MCC), the interplay between the viruses and the cilium-related 

machinery is important especially in the context of diseases associated with 

defective MCC such as cystic fibrosis499. Whereas Chappin et al profiled the 

airway and blood monocyte transcriptome in patients with severe RSV 

infection503. Elevated expression of interferon-responsive and anti-viral genes 

were found to extend from the airways to the peripheral blood503. Furthermore, 

genes related to inflammation and migration were upregulated in airway 

monocytes503. In contrast, airway gene expression profile was identified by 

Wang et al using nasal brush samples from infants with RSV infection504. 

Among the differentially expressed genes were cytokines (TNF superfamily 

member 10 TNFSF10, IL6), extracellular matrix proteins (matrix 

metallopeptidase 19 MMP19, vimentin), regulators of inflammation (cluster of 

differentiation CD163, C-X-C motif chemokine ligand 2 CXCL2), and 

components of signalling processes504. Novel genes such as ST3 beta-

galactoside alpha-2,3-sialyltransferase 1 (ST3GAL1) and ATPase 

phospholipid transporting 10B (ATP10B) were also identified504.  

Several research has focused on acute RSV and RV infection. Acute viral 

infection is characterised by a rapid disease onset which can be resolved by 

robust innate immune response505. Mild symptoms such as sore throat, 

coughing, rhinorrhoea, and sneezing can manifest as early as 10-16 days506. 

The symptomatic phase peaks around 2-3 days post-infection506. Symptoms 

typically last for approximately one week with 25% of cases lasting longer506. 

Although acute RSV and RV infections are well documented, more 

investigation into the host response to prolonged infections is needed507. By 

studying prolonged infections, host-virus dynamics and the differences and 
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similarities in genes and pathways between acute and prolonged infection can 

be determined. Understanding the molecular basis of host-virus interactions 

during acute and prolonged infection can facilitate the development of 

therapeutic interventions that can target acute and prolonged infections.  
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4.2 Aims and Objectives 
 

Overall Aim: To investigate how primary human bronchial epithelial cells 

respond to prolonged infection of RSV-A2 and RV-A16 using transcriptomics. 

The objectives of the Chapter are: 

• To identify differentially expressed genes in response to prolonged 

RSV-A2 and RV-A16 infection using RNA-Seq. 

• To identify and compare pathways that are upregulated and 

downregulated between RSV-A2 and RV-A16. 

• To identify and compare upstream regulators that are activated and 

inhibited between RSV-A2 and RV-A16. 

• To investigate whether viral gene signatures provide support for genes 

identified from previous signal-to-gene mapping analysis.  
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4.3 Methods and Materials 

 

4.3.1 Viral Infection and RNA isolation 

HBECs D195307 were infected with RSV-A2 (MOI of 10) and RV-A16 (MOI of 

10) as outlined on Chapter 2.3.3. RSV-A2 was purchased from Public Health 

England (Catalogue code: 0112092v). RSV-A2 was kindly provided by 

Professor Colin Bingle369. The donor information is detailed in table 1. HBECs 

were cultured in Lonza BEGM® Bronchial Epithelial Cell Growth Medium 

BulletKit® and were infected with the virus for 1 hour. Virus-media was removed 

and replaced with fresh media. RNA was isolated on day 6 (Chapter 2.1.2) and 

quantified using NanoDrop (Chapter 2.1.3). Biological and technical replicates 

were conducted in triplicates. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-1. Specifications for HBEC donor D195307 used for cell 

culture experiments. 
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4.3.2 RNA-Seq Methods 

4.3.2.1 RNA Integrity Number 

The RNA integrity number (RIN) score was calculated for each sample prior to 

RNA-Seq. RIN score analysis was conducted by the Deep Seq, Next 

Generation Sequencing Facility, University of Nottingham Medical School 

using the Agilent Technologies 4200 TapeStation. A numerical system on a 

scale form 1-10 is used to determine the RNA quality508. A score is assigned 

with 10 denoting an intact, high-quality RNA and 1 representing significantly 

degraded sample509. 

4.3.2.2 Library Preparation and RNA-Seq  

Library preparation and RNA-Seq was performed by Oxford Genomics Centre 

through polyA RNA sequencing using Illumina v1.5 chemistry and the 

NovaSeq6000 reagent kits. Adapters, single-stranded RNA sequences ligated 

to sRNAs, are attached to the ends of the DNA template510. This immobilises 

the cDNA to flow cells for sequencing510. Sequencing primers anneal to the 

adapters and PCR amplification of adapter-ligated DNA fragments occur510. 

Reads are produced by a reversible-terminator cyclic reaction which is 

associated with a base-specific colorimetric signals511. The colorimetric signals 

are translated to a base call in a FASTQ format511. Each nucleotide 

corresponds to an ASCII-encoded quality number which is associated with a 

Phred score511. The score is an identifier for the quality of sequencing as it 

measures the accuracy of the base call511. 

4.3.2.3 Processing of RNA-Seq Data 

RNA-Seq raw sequence reads were provided in a FASTQ format by Oxford 

Genomics Centre. The identifiers, nucleotide sequences, and the Phred score 

for each nucleotide is stored for each sequencing read in the FASTQ file. The 

Linux operating system was used to process the RNA-Seq data. RNA-Seq 

pipeline by Rajasekar et al was used to process the RNA-seq data512. 
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4.3.2.4 Trimming and Alignment 

First, the FASTQ files from multiple lanes of sequencing for each sample were 

concatenated. Adapter sequences and poor-quality sequences were trimmed 

from the FASTQ files using Trimmomatic. Adapter sequences need to be 

removed from the analysis since they are not part of the biological sequences 

and can lead to misinterpretation of data513. Files were aligned to the Genome 

Reference Consortium Human Build 37 (GRCh37) genome using the STAR 

software to generate Binary alignment map (BAM) files and count files for 

analysis in RStudio. STAR software was used as it outperforms other aligners 

by a factor of >50 in mapping speed and aligns to the human genome 550 

million 2 x 76 bp paired-end reads per hour whilst possessing improved 

alignment precision and sensitivity514. BAM files are compressed binary 

versions of the sequence alignment map (SAM) format.  

4.3.2.5 Analysis of Differential Expression using EdgeR 

and Limma 

The individual count files were combined in a matrix to create a count matrix 

file. This was imported into RStudio version 4.1.0 where EdgeR version 4.0.16 

and limma version 3.58.1 were used to analyse differentially expressed genes 

between different samples and conditions. Genes were annotated using the 

EnsDb.Hsapiens.v75 version 2.99.0 package from Bioconductor.  

 4.3.2.6 Visualisation of RNA-Seq Analysis 

Volcano plots were generated using the ggplot2 version 4.0.2 and ggrepel 

version 0.9.3 packages in RStudio. Venn diagrams were produced using 

Venny version 2.1.0515 to visualise overlapping genes and pathways between 

different conditions.  

4.3.2.7 Downstream Analysis of RNA-Seq Data Using 

IPA 

Pathways and upstream regulators were determined using Ingenuity Pathway 

Analysis (IPA)407. RNA-seq datasets for RSV-A2 and RV-A16 with the whole 

gene expression, p-values and log fold changes (logFC) were uploaded onto 

IPA. A logFC cut-off of <-2.0 and >2.0 were used for the IPA analysis. Z-scores 
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for pathways and upstream regulators were calculated by IPA to determine the 

directionality for example positive a-score indicated an increase in activity and 

a negative z-score indicated a decrease in activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-1. Schematic of the RNA-Seq workflow. Following infection 

of submerged HBECs with RSV-A2 and RV-A16, RNA was extracted, 

and a sequencing library was prepared for RNA-Seq. Raw sequence 

reads were provided in a FASTQ format. The FASTQ files were 

concatenated, with adapter and poor-quality sequences being trimmed 

using Trimmomatic. Sequencing reads were mapped to reference 

GRCh37 genome to generate SAM and BAM files. Count matrix file was 

imported into RStudio and analysis on differentially expressed genes 

were conducted using EdgeR and limma. IPA was used to conducted to 

identify pathways and upstream regulators. 
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4.4 Results 
 

4.4.1 How Do Primary Human Epithelial Cells Respond To 

RSV-A2 and RVA-16 In Prolonged Infections?  

To investigate the effect of prolonged viral infection on gene expression, 

HBECs D195307 grown in submerged condition were infected with RSV-A2 

and RVA-16 for 6 days. RNA was extracted and taken for RNA-Sequencing.  

 4.4.1.1 Quality Control of RNA-Seq Data 

Raw counts were transformed into counts per million (CPM) to normalise RNA-

Seq data for sequencing depth (the total number of sequenced reads)508. The 

cpm function in EdgeR was used to convert raw counts into CPM and log-

CPM. This transformation accounts for differences in library sizes. The mean 

sequencing depth was 23.47878 and the median sequencing depth was 

30.95317. For downstream analysis, genes with low or no expression were 

filtered out from across all the samples. The filtrByExpr function in EdgeR was 

to filter out any lowly or non-expressed genes. Removal of low count genes 

also enables the estimation of the mean-variance relationship with greater 

reliability. In addition it reduces the number of statistical tests that need to be 

conducted. Figure 4-2 shows the density of log-CPM values for raw data and 

filtered data. The log-CPM threshold value, which is equivalent to a CPM value 

of approximately 0.2, is denoted by a dotted vertical line.  
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Figure 4-2. Raw data vs filtered data. Genes with little or no 

expression have been filtered out. Log-CPM values for raw and filtered 

data are displayed on the graphs. The dotted vertical line is the log-

CPM threshold value which is equivalent to a CPM value of 0.2.  
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External factors that are not of biological interest can influence the expression 

of individual samples during sample or sequencing process516. Therefore it is 

important to normalise the dataset to ensure that the distribution of expression 

is similar across the different experiments. The calcNormFactors function in 

EdgeR was used to perform the method of trimmed mean of M-values (TMM) 

to normalise the data. The TMM method estimates the relative RNA production 

levels from RNA-seq data and normalises the raw read counts by trimming 

away extreme log fold changes of the data517. Figure 4-3 shows the expression 

distribution for unnormalised and normalised data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. Unnormalised vs normalised data. Dataset was 

normalised to ensure that distribution of gene expression is similar 

across experiments. Method of TMM was used to normalise the 

dataset.  



 164 

Clustering of samples though multi-dimensional scaling (MDS) plots gives an 

insight into the extent of differential expression516. The plotMDS function of 

limma was used to cluster the samples. Dimension 1 represents the leading 

fold change (leading logFC) that separates the samples516. Leading logFC is 

the average log2-fold change for the 500 genes which are most divergent 

between each pair of samples by default516. Figure 4-4 shows MDS plots of 

log-CPM values between the samples. Samples are clustered based on the 

experimental conditions: control, RVA-16 and RSV-A2. However, RSV-A2 

experiments 3 and 2 cluster more closely to each other compared to E1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. Clustering of samples using MDS plots. Samples were 

clustered based on experimental conditions. MDS plots of log-CPM 

values are displayed. Biological and technical replicates were 

conducted in triplicates.  
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Differential expression analysis was conducted using limma. Linear modelling 

was fitted to log-CPM values to extract residual variances516. The mean 

variance relationship of the log-counts was estimated using precision weights 

calculated by the voom function516. Raw counts was converted to log-CPM 

values through voom by automatically extracting library sizes and 

normalisation factors. Figure 4-5A shows the mean (x-axis) and variance (y-

axis) of each gene and the dependence between the two before voom is 

applied. A decreasing trend is shown between the means and variances. This 

can be attributed to technical or biological variation. Sharp decreasing trends 

are typically observed in experiments with low biological variation whereas 

flatter trends are seen in experiments with high biological variation. This 

suggests that the experiments have low biological variation. The imFit ant 

contrasts.fit functions of limma is used to conduct the linear modelling. A 

separate model is fitted onto the expression values of each gene by the 

function. Limma Bayes empirical analysis was carried out by obtaining 

information across all genes to identify more precise estimates of gene-wise 

variability516. voomWithQualityWeights function was used to incorporate 

sample-level weights together with abundance dependent weights that were 

estimated by voom. The residual variances of the model was plotted against 

the mean expression values. Figure 4-5B shows the removal of the trend 

therefore indicating that variance is no longer dependent on the mean 

expression level516. The horizontal blue line represents the residual standard 

deviation mean log-CPM values516. 
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Figure 4-5.  Application of precision weights by voom to estimate 

the mean-variance trend. Residual variances were removed by 

fitting linear modelling onto the log-CPM values. Precision weights 

were calculated by voom to estimate the mean-variance trend.  

A)  

B)  



 167 

Quality weights function was applied to improve power for detecting known 

changes in gene expression498. Here the sample-level weights are 

incorporated with the abundance dependent weights estimated by voom using 

a log-linear model498. The approach also generates fewer false positives498. 

Figure 4-6 shows that p-values are more significant after quality weights were 

applied.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6. P-value distribution after application of quality 

weights. The abundance dependent weights estimated by voom was 

incorporated with sample-level weights using a log-linear model.  
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4.4.1.2 Differential Expression of Genes in Response to 

Prolonged RSV-A2 Infection 

 

Infection of HBECs with RSV-A2 for 6 days resulted in 11190 differentially 

expressed genes (5% FDR). 5059 genes were upregulated whereas 6131 

genes were downregulated. Figure 4-7 shows a volcano plot of the 

differentially expressed genes with the top 20 most significant genes for RSV-

A2 with a fold change of 2 being labelled. Genes with lower p-values are higher 

up on the plot. Statistically significant genes that did not reach logFC > 0.5 are 

black whereas non-significant genes are grey. The top upregulated genes 

include X inactive specific transcript (XIST) and neurofilament medium chain 

(NEFM). XIST is involved in the X activation developmental process518. NEFM 

encodes for the medium neurofilament protein which is involved in the 

maintenance of the neuronal cytoskeleton518. Genes involved in DNA binding 

such as zic family member 5  (ZIC5), homeobox D13 (HOXD13) and 

homeobox C9 (HOXC9)518. RNA binding gene, Lin-28 homolog B (LIN28B), 

and ATP binding cassette subfamily B member 1 (ABCB1) was also among 

the top 20 most significant genes. ABCB1 encodes for ATP-binding cassette 

transporters which are involved in transporter activity519. In contrast, a number 

of keratin-encoding genes such as keratin 17 (KRT17), KRT6A, KRT5, KRT16, 

KRT6B, are among the top downregulated genes518. The top genes were 

ranked based on logFC as it prioritises genes with greater biological magnitude 

of change. This spotlights genes that are biologically relevant which can 

facilitate downstream analysis to identify pathways, upstream regulators and 

biomarkers. The list of top 10 upregulated genes by logFC for RSV-A2 is 

shown on table 4-2 and the top 10 downregulated genes by logFC on table 4-

3. Other top downregulated genes include transporter cell adhesion gene 

collagen type XVII alpha 1 Chain (COL17A1)  transmembrane activity gene 

solute carrier family 38 member 5 (SLC38A5) and protein kinase binding 

genes stratifin (SFN)518. Genes involved in bone development and formation, 

such as parathyroid hormone like hormone (PTHLH) and Dickkopf Wnt 

signaling pathway inhibitor 3 (DKK3), were also some of the top downregulated 

genes518. 
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Figure 4-7. Volcano plot of differentially expressed genes in 

response to RSV-A2 infection after 6 days. Top 20 most 

significant genes are labelled. Significantly upregulated genes with 

logFC > 0.5 are labelled red. Significantly downregulated genes with 

logFC > 0.5 are labelled blue. Non-significant genes are colour-

coded black and significant genes with logFC < 0.5 are colour-coded 

grey.  
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Gene 

 

 

logFC  

 

Function 

XIST 15.0 X Inactivation 

 

LL22NC03-

2H8.5 

 

12.0 

 

 

NEFM  

 

11.7 

 

Structural Molecule 

Activity, Structural 

Constituent of 

Cytoskeleton 

 

LIN28B  

 

11.6 Nucleic Acid Binding, RNA 

Binding 

ANKRD20A8P  

 

11.5 - 

ZIC5  11.1 DNA-binding Transcription 

Factor Activity, RNA 

polymerase II-specific, 

Neural Crest Development 

 

ABCB1  11.0 Transporter Activity, 

ATPase-coupled 

Transmembrane 

Transporter Activity 

 

 

Table 4-2. Top 10 most significant upregulated genes in 

response to RSV-A2 infection. The table outlines the logFC and 

the function of the genes. Genecards and Entrez was used to obtain 

the function of the genes518,704.  
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RP11-10O17.1 

 

 

 

11.0 

 

- 

HOXD13  11.0 DNA-binding Transcription 

Factor Activity, Chromatin 

Binding 

HOXC9  10.8 Sequence-specific DNA 

binding 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 172 

 

 

 

 

 

 
Gene 
 

 
logFC 

 
Function 

KRT17  -12.8 Structural Molecule Activity, Protein 

Synthesis, Epithelial Cell Growth, 

Tissue Repair, MHC Class II 

Receptor Activity 

COL17A1  -12.1 Attachment of Basal Keratinocytes 

to Basement Membrane  

 

 

KRT6A  -11.6 Structural Molecule Activity, 

Structural Constituent of 

Cytoskeleton, Wound Healing, 

Regulation of Epithelial Migration 

 

KRT5  -11.3 Structural Molecule Activity, Scaffold 

Protein Binding, Formation of 

Keratin Intermediate Filaments, 

Maintenance of Skin Barrier 

 

KRT16  -11.2 Structural Molecule Activity, 

Structural Constituent of 

Cytoskeleton, Regulator of Innate 

Immunity in Response to Breach of 

Skin Barrier  

 

 

 

  

Table 4-3. Top 10 most significant downregulated genes in 

response to RSV-A2 infection. The function of the genes and the 

logFC is summarised on the table. Gene functions were obtained 

using Genecards and Entrez518,704. 
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KRT6B  

 

 

-11.0 

 

 

Structural Molecule Activity, 

Structural Constituent of 

Cytoskeleton  

 

PTHLH  -10.9 Endochondral Bone Development 

Protein Binding, Epithelial-

mesenchymal Interactions, 

Hormone Activity, Peptide Hormone 

Receptor Binding 

 

SLC38A5  -10.7 Amino Acid Transmembrane 

Transporter Activity, Glycine 

Transmembrane Transporter 

Activity, Cotransporter of  Neutral 

Amino Acids and Sodium Ions 

DKK3  

 

-10.6 Vertebrate development, Bone 

Formation 

SFN  -10.5 Protein Kinase Binding, 

Phosphoprotein Binding 
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4.4.1.3 Differential Expression of Genes in Response to 

Prolonged RV-A16 Infection 

 

Infection with RV-A16 resulted in 4527 differentially expressed genes. 2398 

genes were upregulated, and 2129 genes were downregulated. Volcano plot 

shows the differentially expressed genes with the top 20 most significant genes 

for RV-A16 with a fold change of 2 being labelled (Figure 4-8). Genes higher 

up on the plot have lower p-values. Statistically significant genes are colour-

coded black if they did not reach logFC > 0.5. Genes that were non-significant 

genes were colour-coded grey. Similar to RSV-A2, XIST was the topmost 

significant gene. Protein homodimerisation genes such as cerberus 1 (CER1), 

glutathione S-transferase Mu 1 (GSTM1), and cell adhesion molecule 1 

(CADM1) were also among the top 20 most significant genes518. CER1 has 

roles in bone morphogenetic protein binding whereas GSTM1 is involved in 

glutathione transferase activity518. Functions of CADM1 include cell adhesion, 

cell recognition, cytokine production, and formation of synapses etc. Genes 

with diverse roles occupy the list of topmost upregulated genes518. These 

include cell cycle regulation gene HORMA domain containing 1 (HORMAD1), 

cytokine activity gene left-right determination factor 2 (LEFTY2), protein 

crosslinking gene transglutaminase 3 (TGM3), choline transport gene solute 

carrier family 44 member 5 (SLC44A5), metabolic genes cytochrome P450 

family 26 subfamily A member 1 (CYP26A1)518. In comparison to RSV-A2 

infection, a keratin-encoding gene (KRT79) is one of the most significantly 

upregulated genes518. This is interesting to note as keratin-encoding genes 

dominated the most significantly downregulated genes for RSV-A2.  

RNA-binding genes, such as ribosomal protein S4 Y-Linked 1 (RPS4Y1),  

DEAD-box helicase 3 Y-linked (DDX3Y), and eukaryotic translation initiation 

factor 1A Y-linked (EIF1AY), are among the top downregulated genes518. 

Neuroligin 4 Y-linked (NLGN4Y), which is involved in cell adhesion and 

synapse formation, was also one of the most significantly downregulated 

genes518. Other genes which are among the most significantly downregulated 

genes include taxilin gamma Y-linked pseudogene (TXLNG2P), deubiquitinase 

activity gene ubiquitin specific peptidase 9 Y-linked (USP9Y), histone 
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demethylation gene ubiquitously transcribed tetratricopeptide repeat 

containing, Y-linked (UTY), serine/threonine kinase activity gene protein kinase 

Y-Linked pseudogene (PRKY), and transcriptional activity gene zinc finger 

Protein Y-linked (ZFY)518. The list of top 10 upregulated genes by logFC for 

RV-A16 is shown on table 4-4 and the top 10 downregulated genes by logFC 

on table 4-5. 

 

  

Figure 4-8. Volcano plot of differentially expressed genes in 

response to RV-A16 infection after 6 days. Top 20 most significant 

genes are labelled. Significantly upregulated genes with logFC > 0.5 

are colour-coded red. Significantly downregulated genes with logFC > 

0.5 are colour-coded blue. Significant genes with logFC < 0.5 are 

labelled grey and non-significant genes are labelled black. 
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Gene 

 

 

logFC 

 

Function 

XIST  12.8 X Inactivation  

 

HORMAD1  

 

8.5 Cell Cycle Regulation, 

Chromatin Binding 

CER1  8.4 Protein Homodimerisation, 

Bone Morphogenetic Protein 

Binding 

 

TGM3  8.4 Calcium Ion Binding, Protein-

glutamine Gamma-

Glutamyltransferase Activity, 

Calcium-dependent Formation 

of Isopeptide 

 

GSTM1  8.0 Protein Homodimerisation 

Activity, Glutathione 

Transferase Activity, 

Formation of Novel Hepoxilin 

Regioisomers 

LEFTY2  

 

7.7 Cytokine Activity, 

Transforming Growth Factor 

Beta Receptor Binding  

 

 

 

  

Table 4-4. Top 10 most significant upregulated genes in response 

to RV-A16 infection. The logFC and the function of the genes are 

outlined on the table. Genecards and Entrez was used to obtain the 

function of the genes518,704. 
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SLC44A5  

 

 

 

7.2 

 

 

 

Choline Transmembrane 

Transporter Activity, Choline 

Transport 

 

KRT79  

 

 

7.2 

 

DNA-binding Transcription 

Factor Activity, Obsolete 

Signal Transducer Activity 

 

CADM1  

 

 

 

6.7 

 

Signalling Receptor Binding 

Activity, Cell Recognition, 

Cytokine Production, Protein 

Homodimerization Activity, 

PDZ Domain Binding, 

Formation of Dendritic Spines, 

Synapse Assembly, 

Spermatogenesis 

 

CYP26A1  6.6 Iron Ion Binding, 

Oxidoreductase activity, 

Metabolism of Retinoates 
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Gene 

 

 

logFC 

 

Function 

RPS4Y1  -9.2 RNA Binding 

 

DDX3Y  -8.8 ATP Binding, RNA Binding, 

Hydrolysis, Formation of 

Intramolecular Interactions 

 

TXLNG2P  -8.5 Syntaxin Binding 

 

USP9Y  -8.4 Deubiquitinase Activity 

 

NLGN4Y  

 

-8.3 Hydrolase Activity, Cell 

Adhesion Molecule Binding, 

Formation of Synapses 

RFTN1P1  

 

-8.2  

PRKY  

 

-8.1 Protein Serine/Threonine 

Kinase Activity 

 

UTY  

 

-7.7 Protein-protein Interaction, 

Demethylation of Histone 

H3K27me2/H3K27me3, 

Dioxygenase Activity 

 

   

Table 4-5. Top 10 most significant downregulated genes in 

response to RV-A16 infection. The function of the genes and 

the logFC is summarised on the table. Gene functions were 

obtained using Genecards and Entrez518,704. 
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EIF1AY  

 

 

 

-7.7 

 

 

 

 

RNA Binding, Translations 

Initiation Factor Activity 

 

ZFY  -7.5 Transcriptional Activation  
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4.4.2 What Are the Similarities and Differences in the Way 

Human Epithelial Cells Respond To Prolonged RSV-A2 and 

RVA-16 Infections?  

 

To examine the similarities and differences between prolonged RSV-A2 and 

RV-A16 infection, the differentially expressed genes were interrogated. 592 

upregulated genes were found to be common between the two viruses (Figure 

4-9). XIST, NEFM and HOXC9, which were in the top 10 most significantly 

upregulated genes for RSV-A2, overlapped with RSV-A2. In contrast, seven 

genes out of top 10 most significantly upregulated genes for RV-A16 (XIST, 

HORMAD1, TGM3, GSTM1, SLC44A5, KRT79, CADM1) were found to 

overlap with RSV-A2 infection. Among the overlapping upregulated genes 

were several HOX genes, such as HOXC9, HOXA10 and HOXB9, which are 

important in embryonic development520. Another gene fras1 related 

extracellular matrix 2 (FREM2) encodes for extracellular matrix proteins that 

are essential for regulating the adhesion process during embryonic 

development between the epidermal basement membrane and the subdermal 

layer521. Neuronal pentraxin 1 (NPTX1) has various cellular and synaptic 

functions such as promotion of neurite outgrowth522,523. Whereas slain motif 

family member 1 (SLAIN1), which encodes for microtubule tracking proteins, 

is important for regulating the dynamics of cytoplasmic microtubules524. 

Another overlapping gene, protocadherin 10 (PCDH10) has a wide variety of 

functions such as cell adhesion, regulation of actin assembly, formation and 

maintenance of neural circuits and synapses525. Chemokine receptor 4 

(CXCR4), with functions in cell migration, cell proliferation, and 

haematopoiesis was also found to overlap between the two viruses526.  

 

 

 

 

 

 



 181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9. Venn diagram of overlapping upregulated genes 

between RSV-A2 and RV-A16. 592 upregulated genes were 

common between RSV-A2 and RV-A16. Venn diagram was 

generated using Venny515. 
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Analysis of downregulated genes revealed 1125 overlapping genes between 

RSV-A2 and RV-A16 (Figure 4-10). Out of the top 10 most significant 

downregulated genes for RSV-A2, 5 were found to overlap with RV-A16: 

KRT17, COL17A1, SLC38A5, DKK3 and SFN. Whereas all 10 of the most 

significant downregulated genes for RV-A16 were found to overlap with RSV-

A2. Other overlapping downregulated genes include gap junction beta-2 

protein (GJB2) encodes for gap junction protein connexin 26 which is 

implicated in hearing loss527. Follistatin (FST) neutralises TGF-β superfamily 

such as activin, bone morphogenetic protein and myostatin to regulate muscle 

and fat mass528. Growth arrest-specific 6 (GAS6) is another overlapping 

downregulated gene. GAS6 maintains numerous cellular processes such as 

proliferation, differentiation, migration, adhesion, and apoptosis529. Another 

gene teneuricin-2 (TENM2) encodes for cell surface proteins and is known to 

regulate synaptic connections530. An important regulator of haemoglobin 

function, carbonic anhydrase XII (CA12) catalyses the hydration of carbon 

dioxide to produce carbonic acid and maintain homeostasis531.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10.  Venn diagram of overlapping downregulated genes 

between RSV-A2 and RV-A16. 1125 downregulated genes 

overlapped between RSV-A2 and RV-A16. Venn diagram was 

generated using Venny515. 
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The differentially expressed genes were interrogated using Ingenuity Pathway 

Analysis (IPA). IPA predicts the directional effects of identified pathways by 

assigning a z-score532. In IPA, a z-score is an activation score and considers 

the known directional effects of one molecule on another molecule or process, 

and the change in direction of the molecules532. Positive z-score indicates 

increase in activity whereas negative z-score indicates a decrease in 

activity532. For RSV-A2 infection, IPA analysis identified 536 pathways. 

Although 93 pathways were assigned a positive z-score, 23 pathways out of 

the 93 possessed a z-score of > 2. This implies that 23 pathways were 

predicted to show significant activation. Cell cycle checkpoints were the top 

pathway with a z-score of 4.75 (Figure 4-11B). Among the pathways with z-

score of > 2 were those implicated in cell cycle regulation such as cell cycle 

checkpoints, mitotic prometaphase, activation of the pre-replicative complex 

and kinetochore metaphase signaling pathway (Figure 4-11B). 

Other pathways with predicated significant activation included peroxisome 

proliferator-activated receptors (PPAR) signalling, nucleosome assembly and 

regulation of TP53 activity through phosphorylation. For RV-A16 infection, 

downstream analysis revealed 206 pathways. 77 pathways had a positive z-

score. However, only 8 out of 77 pathways had a z-score of > 2 which suggests 

significant activation of the pathway. Keratinisation was the top pathway with 

the highest z-score of 5. Pathways with z-score of > 2 included retinoic acid 

receptor (RAR) activation, macrophage stimulating protein (MSP)- recepteur 

d'Origine Nantais (RON) signalling in macrophages pathway, sperm motility, 

intrinsic prothrombin activation pathway, neuroprotective role of thimet 

oligopeptidase 1 (THOP1) in Alzheimer’s disease, matrix metalloproteases 

inhibition, and synaptic long-term depression. However, there was no overlap 

in pathways with predicted significant activation of z-score > 2 between RSV-

A2 and RV-A16 (Figure 4-11A).  
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A) 

Figure 4-11. A) Venn diagram showing the overlap in pathways 

with predicted significant activation between RSV-A2 and RV-

A16. B) Table showing the top pathways with significant 

activation for RSV-A2 and RV-A16. Venn diagram created using 

Venny515. IPA analysis was conducted to identify canonical 

pathways and ordered based on z-score. Z-score of > 2 suggests 

significant activation.  

B) 
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Figure 4-12. Schematic of the top activated pathway for RSV-

A2. Cell cycle checkpoints was the top activated pathway for RSV-

A2 with a z-score of 4.75. IPA was used to identify canonical 

pathways for RSV-A2. 
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Figure 4-13. Schematic of the top activated pathway for RV-

A16. Keratinisation was the top activated pathway for RSV-A2 with 

a z-score of 5. IPA was used to identify canonical pathways for RV-

A16. 
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IPA analysis revealed 400 pathways with a negative z-score for RSV-A2. Out 

of 400, 239 pathways possessed a z-score of < -2 suggesting significant 

inhibition. The neutrophil degranulation pathway was the top inhibited pathway 

with a z-score of -7.47 (Figure 4-14B). Among pathways with predicted 

significant inhibition were those involved in signal transduction such as RHO 

GTPase cycle and pathways implicating the immune system e.g. interleukin-1 

family signalling, acute phase response signalling and role of macrophages, 

fibroblast and endothelial cells in rheumatoid arthritis (Figure 4-14B). Other 

pathways with predicted significant inhibition include generic transcription 

pathway, keratinisation, cell junction organisation, irritable bowel syndrome 

signalling pathway and MSP-RON signalling in cancer cells pathway. For RV-

A16, IPA analysis revealed 50 pathways with a negative z-score. However, 

only 4 out 50 pathways had a negative z-score of < -2 suggesting significant 

inhibition. Elastic fibre formation was the top inhibited pathway with a z-score 

of -2.45. The following pathways were also predicted to show significant 

inhibition: serine protease inhibitor kazal type 1 (SPINK1) pancreatic cancer 

pathway, potassium channels, and pulmonary fibrosis idiopathic signalling 

pathway. Although pulmonary fibrosis idiopathic signalling pathway and elastic 

fibre formation were not in the top 10 pathway with lowest z-score for RSV-A2,  

the two pathways were common between RSV-A2 and RV-A16 (Figure 4-14A). 

Whereas potassium channels and SPINK1 pancreatic cancer pathway was 

unique to RV-A16.  
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A) 

Figure 4-14. A) Venn diagram showing the overlap in pathways 

with predicted significant inhibition between RSV-A2 and RV-

A16. B) Table showing the top pathways with significant 

inhibition for RSV-A2 and RV-A16. Venn diagram created using 

Venny515. Canonical pathways were identified using IPA analysis and 

ordered based on z-score. Z-score of < -2 suggests significant 

inhibition. 

B) 
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Figure 4-15. Schematic of the top inhibited pathway for RSV-

A2. Neutrophil degranulation was the top inhibited pathway for 

RSV-A2 with a z-score of -7.47. IPA was used to identify canonical 

pathways for RSV-A2. 
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Figure 4-16.Schematic of the top inhibited pathway for RV-A16. 

Elastic fibre formation was the top inhibited pathway for RV-A16 

with a z-score of -2.45. Canonical pathways were identified using 

for RV-A16. 
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IPA analysis was used to reveal potential upstream regulators that may drive 

differential change. 5372 upstream regulators were identified for RSV-A2 with 

2145 possessing a positive z-score. Out of the 2145 upstream regulators, 525 

were predicted to be significantly activated with a z-score of > 2. A wide range 

of upstream regulator types with predicted significant activation were in the top 

10 for RSV-A2 including mature micro-RNA such as MiR-124-3p and MiR-

3648, and enzymes like three prime repair exonuclease 1 (TREX1) and 

Immunity-related GTPase family M protein (IRGM) (Figure 4-17B). MiR-124-

3p (and other miRNAs w/seed AAGGCAC), with a z-score of 7.05, was the top 

upstream regulator predicted to be significantly activated (Figure 4-17B). Other 

upstream regulators in the top 10 were EGFR long non-coding downstream 

RNA (ELDR), Ikaros family zinc finger protein 1 (IKZF1) transcription factor, 

protein tyrosine phosphatase receptor-type R (PTPRR) phosphatase, and the 

chemical drug aprepitant. Whereas IPA analysis revealed 1673 upstream 

regulators for RV-A16 with 441 possessing a positive-z-score. However, of the 

441 upstream regulators, significant activation was predicted for only 44 

molecules. The enzyme K(lysine) acetyltransferase 6A (KAT6A) was the top 

upstream regulator with a z-score of 3.9.   

Similar to RSV-A2, a diverse range of upstream regulator types such as 

enzymes, fusion gene/product, chemical drug and ligand-dependent nuclear 

receptor, populated the top 10 for RV-A16. Furthermore, several transcription 

regulators such as ETS homologous factor (EHF), peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PPARGC1A), Krüppel-like 

factor 2 (KLF2) and transformation-related protein 63 (TP63) were predicted 

to show significant activation (Figure 4-17B). Other upstream regulators in the 

top 10 were methylprednisolone, SERPINB7, cardiotoxin and retinoic acid 

receptor gamma (RARG). 13 upstream regulators with predicted significant 

activation were common for both RSV-A2 and RV-A16. Among the overlapping 

upstream regulators were enzymes such as KAT6A and lipase A, lysosomal 

acid type (LIPA), and chemical drugs like pirfenidone and artesunic acid. 

Furthermore, the following transcription regulators were common for both 

viruses: forkhead box A1 (FOXA1), PPARGC1A, caudal type homeobox 2 

(CDX2), MYOCD and MYC. Kinase inhibitor PD98059 and the fusion 
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gene/product EWSR1-FLI1 were also found to overlap between RSV-A2 and 

RV-A16. Moreover, 512 upstream regulators with predicted significant 

activation were unique for RSV-A2. Whereas only 31 were unique for RV-A16.  

 

 

 

 

 

  

A) 

Figure 4-17. A) Venn diagram showing the overlap in upstream 

regulators with predicted significant activation (z-score > 2) 

between RSV-A2 and RV-A16. B) Table showing the top upstream 

regulators with significant activation for RSV-A2 and RV-A16. 

Upstream regulators were colour-coded based on type: blue:mature 

microRNA, yellow:other, white:transcription regulator, pink:enzyme, 

green:phosphatase, grey = chemical drug, peach:fusion gene/product, 

purple:chemical- other, orange:ligand-dependent nuclear receptor. 

B) 
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Figure 4-18. Schematic of the top activated upstream regulator 

for RSV-A2. miR-124-3p (and other miRNAs w/seed AAGGCAC) 

was the top activated upstream regulator for RSV-A2 with a z-score 

of 7.05. IPA was used to identify upstream regulators for RSV-A2. 
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Figure 4-19. Schematic of the top activated upstream regulator 

for RV-A16. KAT6A was the top activated upstream regulator for 

RV-A16 with a z-score of 3.9. Upstream regulators was identified 

using IPA. 
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IPA analysis revealed 2333 upstream regulators possessed a negative z-

score. However, 731 out of 2333 were assigned a z-score of < -2 suggesting 

significant inhibition. The top upstream regulator predicted to be significantly 

inhibited for RSV-A2 was lipopolysaccharide (LPS) (Figure 4-20B). LPS was 

assigned a z-score of -10.76. The top 10 included several chemical drugs 

(LPS, doxorubicin, tetradecanoylphorbol acetate, cisplatin) and cytokines 

(TNF, IL1B, IFNG) (Figure 4-20B). The transcription factor TP53 and NFKB 

complex were also in the top 10 (Figure 4-20B). For RV-A16, 435 upstream 

regulators were assigned a negative z-score. Significant inhibition was 

predicted for 35 out of the 435 upstream regulators since they possessed a z-

score of < -2. The transcription factor SPI1 was the top upstream regulator 

predicted to be significantly inhibited for RV-A16 (Figure 4-20B). Furthermore, 

numerous transcription regulators such as myocardin-related transcription 

factor B (MRTFB), polycomb complex protein BMI-1 (BMI1), forkhead box C1 

(FOXC1) and SRY-box 7 (SOX7) were predicted to be significantly inhibited 

for RV-A16. 

Other upstream regulators in the top 10 were immunoglobulin G (IGG) 

complex, aldosterone, IKBKG kinase, fusion gene/product NUP98-KMT2A, 

and the chemical drug doxorubicin (Figure 4-20B). 14 upstream regulators with 

predicted significant inhibition were found to overlap between RSV-A2 and RV-

A16. This included the kinases inhibitor of nuclear factor kappa B kinase 

regulatory subunit gamma (IKBKG) and mitogen-activated protein kinase 

kinase kinase 8 (MAP3K8), and the transcription regulators MRTFB, SPI1 and 

Iroquois homeobox 3 (IRX3). The overlapping upstream regulator also 

included the enzyme PRKCSH beta subunit of glucosidase II (PRKCSH), the 

cytokine TNF superfamily member 15 (TNFSF15) and the fusion gene/product 

NUP98-KMT2A. Chemical regulators such as aldosterone, doxorubicin, and 

thioacetamide were also common between the two viruses. In addition, 717 

upstream regulators predicted to show significant inhibition were found to be 

unique for RSV-A2. In contrast, 21 upstream regulators were identified to be 

unique for RV-A16. 
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B) 

A) 

Figure 4-20. A) Venn diagram showing the overlap in upstream 

regulators with predicted significant inhibition (z-score < -2) 

between RSV-A2 and RV-A16. B) Table showing the top upstream 

regulators with significant inhibition for RSV-A2 and RV-A16. Venn 

diagram created using Venny515. Upstream regulators were identified 

using IPA analysis. The upstream regulators are colour-coded based 

on type: grey:chemical drug, purple:cytokine, white:transcription 

regulator, blue = complex, pink:growth factor, yellow:chemical 

endogenous mammalian, green:kinase, peach:fusion gene/product. 
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Figure 4-21. Schematic of the top inhibited upstream 

regulator for RSV-A2. Lipopolysaccharide was the top inhibited 

upstream regulator for RSV-A2 with a z-score of -10.76. IPA was 

used to identify upstream regulators. 
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Figure 4-22. Schematic of the top inhibited upstream 

regulator for RV-A16. SPI1 was the top inhibited upstream 

regulator for RV-A16 with a z-score of -3.23. Upstream 

regulators were identified using IPA. 
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4.4.3 Does The Viral Gene Signature Provide Support For 

Genes Supported By Genetics? 

 

Candidate causal genes that were identified from signal-to-gene analysis 

(Chapter 3) were analysed further. Published literature that conducted 

transcriptomic profiling of acute infection was used to assess whether 

candidate causal genes identified from the aforementioned analysis were 

differentially expressed during acute infection. A study by Scott et al (GEO 

DataSet: GSE207923) was used to obtain differentially expressed genes in 

response to acute 24-hour SARS-CoV-2 infection of submerged HBECs533. 

Analysis was conducted to see whether the 119 candidate causal genes 

associated with SARS-CoV-2 were identified in acute SARS-CoV-2 response. 

A caveat of this analysis is that prolonged SARS-CoV-2 infection was not 

conducted due to time constraints. Therefore comparison in differentially 

expressed genes between acute and prolonged SARS-CoV-2 infection could 

not be made. List of differentially expressed genes following acute RV and 

RSV infection in submerged HBECs were not available in published literature 

and so comparison between acute and prolonged infection for RV and RSV 

could not be made.  

Out of 119 candidate causal genes identified for SARS-CoV-2 using signal-to-

gene association analysis from Chapter 3, 28 genes were differentially 

expressed in vitro (Figure 4-23). This included Rho GTPase activating protein 

27 (ARHGAP27) which encodes for GTP metabolising enzymes518,  ATP11A 

which encodes for phospholipid transporter518 (Figure 4-23). Genes implicated 

with the  immune response such as interferon alpha and beta receptor subunit 

1 (IFNAR1), interferon alpha and beta receptor subunit 2 (IFNAR2) and OAS3 

also showed association with acute SARS-CoV-2 response (Figure 4-23). 

Moreover, another gene NFKB inhibitor zeta (NFKBIZ), exerts an important 

role in various biological processes such as individual immunity and 

inflammatory response534. A number of human leukocyte antigen (HLA) genes 

such as HLA-A, HLA-C, HLA-DQA1, HLA-G and MICA were also found to be 

associated with acute SARS-CoV-2 response.  
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Genes with a diverse range of functions were found to be associated with acute 

SARS-CoV-2 infection. These included FOXP4 which is involved in lung and 

neuronal cell differentiation535, FUT2 which is implicated in the secretory status 

of ABO antigens536, PLSCR1 which regulates phospholipid movement537, N-

ethylmaleimide-sensitive factor (NSF) which has an essential role in 

intracellular vesicle transport538, and pleckstrin homology domain containing 

protein family member 1 (PLEKHM1) which has shown to regulate fusion of 

autophagosome and lysosome during autophagy539, DExD/H-box RNA 

helicase (DDX39B) which has functions in mRNA splicing and nuclear 

export540,  and RAVER1 which forms complexes with microfilament-associated 

proteins448 (Figure 4-23). Keratinocyte-associated protein 2 (KRTCAP2), 

which encodes proteins implicated in N-glycosylation, was another gene 

associated with acute response541 (Figure 4-23). 
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Figure 4-23. Schematic to show the candidate causal genes 

identified from signal-to gene association analysis in acute 

SARS-CoV-2, prolonged RV-A16 and prolonged RSV-A2 

infection. . Orange indicates that the gene is implicated in virus 

susceptibility and blue are genes not associated with the virus. 
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Candidate causal genes that were identified from signal-to-gene analysis with 

6 and 108 showing association with susceptibility to, or severity of RV and RSV 

disease respectively (Chapter 3) were analysed further. Out of 108 genes that 

were implicated in Chapter 3 as important for RSV host susceptibility,  43 were 

differentially expressed in vitro in response to prolonged RSV-A2 infection 

(Figure 4-24). Whereas 2 out of 6 genes identified for RV were differentially 

expressed following RV-A16 infection(Figure 4-24). The candidate genes were 

interrogated to see if their expression were either upregulated or 

downregulated during prolonged RV-A16 and RSV-A2 infection. The 

expression of IL-6 and STEAP1B were found to be significantly downregulated 

during prolonged RV-A16 infection (Figure 4-24). Whereas the expression of 

IL10, IL6-AS1, LGALS9 and WSB1 were not significant. IL-6 and STEAP1B 

were also significantly downregulated following prolonged RSV-A2 infection 

(Figure 4-24). Whereas the expression of HLA genes such as HLA-DPB1, 

HLA-DQB1, HLA-DRB1, and LY6G5C were significantly upregulated. Among 

significantly upregulated genes were those involved in carotenoid catalysis 

(BCO2), developmental processes (BMP4)427, immune response (CCR1)542, 

intracellular transport (KIF3A)543, mini-chromosome maintenance (MCM3)544, 

microtube binding (MDM1)545, epithelial-to-mesenchymal transition 

(MMP16)421, cell damage response (RAD50)431, and RNA binding 

(U2AF1L4)518 (Figure 4-24). 

The expression of cytokine genes such as IL18 and IL4R were also found to 

be significantly downregulated (Figure 4-24). Interestingly genes of the HLA 

systems (BAG6, MICA and MICB) exhibited significant downregulation (Figure 

4-24). Genes encoding Ca2+ dependent phospholipid-binding protein 

(ANXA11), oxidases (CYBA) and GTP-binding protein (MX1), ion channels 

(PIEZO1), surfactant protein (SFTPD), mitochondrial aminoacyl-tRNA 

synthetases (VARS2), and zinc finger proteins (ZMAT2) were significantly 

downregulated. Genes implicated in a wide range of functions were 

significantly downregulated such as those involved in stress tolerance 

(CYSTM1)546, ketogenesis (HMGCL)547, DNA cross-linking (FAN1)430, 

superoxide production (NCF2)548, collagen metabolism (P4HA2)549, carnitine 

transport (SLC22A5)518, non-sense mediated mRNA decay (SMG7)435, rRNA 
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production (WDR55)550, and regulation of metastatic diseases (WSB1)416 

(Figure 4-24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-24. Heatmap of. A) Candidate Casual Genes Associated 

with RSV Infection. B)  Candidate Casual Genes Associated with 

RV Infection. Signal-to-gene association analysis were conducted to 

identify candidate causal genes that showed susceptibility to or 

severity of RSV and RV infection as detailed on Chapter 3. The genes 

were examined to see if they are upregulated or downregulated 

during prolonged RSV-A2 and RV-A16 infection. Upregulated genes 

are colour-coded blue, downregulated genes are colour-coded 

orange, and non-significant genes are colour-coded white. 
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4.5 Discussion 
 

Examining the similarities and differences in host-response to different 

respiratory viruses can give insights on shared host response. The aim of the 

Chapter was to identify and compare differentially expressed genes and 

pathways following prolonged RSV-A2 and RV-A16 infection. Differentially 

expressed genes were identified with 592 upregulated genes and 1125 

downregulated genes being common for  both viruses. IPA analysis revealed 

that pathways implicating the cell cycle may be particularly important for 

prolonged RSV-A2 infection. In comparison pathways involving stress and 

apoptosis such as keratinisation may be activated during prolonged RV-A16 

infection. Significantly activated pathways showed no overlap between the two 

viruses which could reflect the little overlap seen between the susceptibility 

genes translated from signal-to-gene association analysis in Chapter 3. 

Pathways implicating the immune and inflammatory response such as 

neutrophil degranulation were predicted to be significantly inhibited during 

prolonged RSV-A2 infection. In addition, pathways involving elastic fibre 

formation and pulmonary fibrosis idiopathic were predicted to be significantly 

inhibited in both viruses. Interrogation of signal-to-gene association analysis 

revealed that the two overlapping genes IL6 and STEAP1B were found to be 

significantly downregulated during prolonged RSV-A2 and RV-A16 infection 

suggesting that they may have limited role during later stages of infection. 27 

genes out of 119 identified from signal-to-gene association analysis for SARS-

CoV-2 were found to be associated with acute SARS-CoV-2 response. This 

included genes implicated in immune response such as IFNAR1 and IFNAR2, 

and genes with a diverse range of roles. 

XIST, a long non-coding RNA (lcRNA), was the top upregulated gene for both 

RSV-A2 and RV-A16. Increasing amounts of research has suggested that 

lncRNA may play a role in inflammation and regulation of the host immune 

system response551. In particular, XIST has been reported to modulate 

inflammation by regulating the Nuclear Factor-Kappa B (NF-κB) signalling 

pathway551. Several homeobox genes such as HOXD13, C9 A5, B5, B6, and 

B8 were found to be upregulated during prolonged RSV-A2 infection. This is in 



 205 

line with literature as HOXA5, B5, B6, and B8, which play an important role in 

lung development, were found to be significantly upregulated following RSV-

A2 infection552. A study by Tan et al found that RSV non-structural protein NS1 

interacts with host histone to stimulate histone ubiquitination and subsequently 

induce HOX gene expression in HBECs552. This RSV-mediated epigenetic 

modification may contribute to further development of RSV-induced 

bronchiolitis552.  

Overlap in upregulated genes were observed between RSV-A2 and RV-A16. 

592 upregulated genes were found to be common between the two viruses. 

One of the overlapping upregulated genes was C-X-C chemokine receptor 

type 4 (CXCR4). Study by Chen et al showed that CXCR4 along with its ligand 

chemokine C-X-C motif ligand 12 (CXCL12) plays an essential role in the 

recruitment of natural killer cells by high-mobility group box-1 (HMGB1) during 

later stages of RSV infection553. The CXCL12/CXCR4 axis is located 

downstream of HMGB1 and contributes to HMGB1-mediated inflammatory 

response, persistent airway inflammation and pathological lung damage553. It 

is important to note however that Chen et al used murine models and so it 

would be meaningful to investigate this axis using models of the human 

bronchial airway epithelium553. Another overlapping gene between the two 

viruses, GSTM1, has been reported to be associated with increased risk of 

asthma in adults and children554. In addition, GSTs have been connected to 

epithelial plasticity which is a key pathogenic characteristic of asthma555. Given 

that children who experience RV-induced wheezing at an early age are likely 

to develop persistent asthma, further investigation into interaction between RV 

and GSTs may be fruitful. 

Between RSV-A2 and RV-A16, 1125 downregulated genes were found to 

overlap between the two viruses. Follistatin, one of the overlapping 

downregulated genes, acts as an inhibitor for TGF-β superfamily such as 

activin-A556. Activin-A is likely to modulate inflammatory responses and 

activate tissue repair programmes557. During asthma, activin-A signalling 

pathway is stimulated which induces remodelling of the airways557. 

Furthermore, activin-A is involved in the resolution of airway inflammation557. 

Considering RV infection can also promote release of activin-A from bronchial 
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epithelial cells, it might be interesting to explore the role of the cytokine during 

resolution of RV-induced airway inflammation557. Although some overlap in 

genes was observed between prolonged RSV-A2 and RV-A16, the lack of 

overlapping genes could be due to differences in cell tropism, molecular 

mechanisms, and viral strategies that the viruses employ to evade the immune 

system and manipulate the host.  

Downstream analysis revealed 23 pathways with predicted significant 

activation upon prolonged RSV-A2 infection. In particular, cell cycle pathways 

may be important in prolonged RSV-A2 infection. Cell cycle checkpoints was 

the top pathway for prolonged RSV-A2 infection. These checkpoints, which are 

mediated by cyclins and cyclin-dependent kinases (CDKs), are surveillance 

mechanisms that monitor order and fidelity of events during the cell cycle558. 

Viruses are able to manipulate the cell cycle to make conditions favourable for 

replication and production of viral progenies559. A study by Wu et al observed 

that RSV infection can arrest the cell cycle in the G0/G1 phase to increase the 

production of progeny virus in HBECs after 24 hours559. In addition, Pastey 

and Lupfer reported that DNA damage or stress response was elicited by RSV 

24 hours post-infection leading to the activation of cell cycle checkpoints560. It 

is interesting to note that RSV may exploit cell cycle checkpoints during both 

acute and prolonged infection.  

Another pathway of significant activation for RSV-A2 was PPARs signalling. 

PPARs are ligand-activated transcription factors and have been reported to be 

implicated in immune and inflammatory processes561. Inhibition of 

inflammatory cell response is correlated with activation of the isoforms PPAR-

⍺ and PPAR-ᵧ562. A study by Arnold et al reported that PPAR agonists 

ciglitazone, troglitazone, 15d-PGJ2 and Fmoc-Leu suppressed inflammatory 

suppression during RSV infection562. The PPAR agonists were shown to exert 

a protective effect through inhibition of RSV replication and downregulation of 

cell-mediated cytotoxicity562. Therefore, PPAR agonists may serve as a 

therapeutic intervention for treating RSV infection. Whereas 8 pathways were 

predicted to be significantly activated following RV-A16 infection. None of the 

significantly activated identified pathways overlapped with RSV-A2 infection 

suggesting that mechanisms unique to the two viruses are activated during 
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prolonged infection. This could potentially be in line with the little overlap seen 

between  susceptibility genes in Chapter 3 signal-to-gene association analysis. 

Keratinisation was the top pathway with predicted significant activation. 

Keratins are implicated in a diverse range of pathways such as wound healing, 

protection from stress and apoptosis563. Therefore, prolonged RV-A16 

infection may trigger pathways involving cytoskeletal reorganisation, stress 

and apoptosis. 

239 pathways were predicted to be significantly inhibited upon prolonged RSV-

A2 infection. Pathways involving the immune system and inflammatory 

response may be particularly inhibited. Neutrophil degranulation was the top 

pathway with significant inhibition. Neutrophils undergo receptor-mediated 

respiratory burst and degranulation to induce inflammation in response to 

chemotactic signals564. Interestingly PPAR signalling, where activation of 

PPARs is associated with reduction in inflammation, was found to be 

significantly activated during prolonged RSV-A2 infection. This suggests that 

mechanisms involved in suppression of inflammation may be activated and 

those associated with inflammation may be inhibited during prolonged RSV-

A2 infection. Furthermore, a study by Kirsebom et al reported that neutrophil 

is recruited and activated early on during RSV infection with peak spanning 

18-24 hours post-infection565. This suggests that neutrophil degranulation and 

activation may occur during acute stages of infection and become 

downregulated as infection progresses565. Although care must be taken when 

evaluating the results as Kirsebom et al used murine models of RSV infection. 

Another downregulated pathway was the acute phase response signalling 

pathway. The pathway is a rapid inflammatory response in response to 

infection, tissue injury or trauma566. Cytokines such as IL-1 and IL-6 are 

responsible for manifestation of acute phase response566. Furthermore, IL-1 

family signalling, which regulates inflammatory response, was found to be 

downregulated. This further suggests that inflammatory pathways are inhibited 

during prolonged RSV-A2 infection. 

Pathways involving elastic fibre formation, SPINK1 pancreatic cancer, 

potassium channels, and pulmonary fibrosis idiopathic signalling were 

reported to be significantly inhibited following RV-A16 infection. Elastic fibre 
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formation pathway was also predicted to be inhibited upon prolonged RSV-A2 

infection. Elastic fibres maintain the structural integrity of organs including 

lungs against mechanical strain by providing elasticity and recoiling to 

tissue567. Defects in elastic fibre formation including degradation of elastin can 

contribute to a multitude of pathological conditions such as emphysema567. 

And so, prolonged RSV-A2 and RV-A16 infection may hinder formation of 

elastic fibres which could potentially result in the destruction of elastic fibres 

and lung damage. Another pathway of significant inhibition, the idiopathic 

pulmonary fibrosis idiopathic signalling pathway, showed overlap with RSV-A2. 

Idiopathic Pulmonary Fibrosis (IPF) is a rare interstitial lung disease 

characterised by thickening of lung tissue and fibrotic scarring568. Although the 

hypothesis that viruses may present as an etiologic agent for IPF has been 

suggested, the role of respiratory viruses including RSV and RV during 

pathogenesis is not well documented568.  

IPA analysis was conducted to identify upstream regulators that may be 

significantly activated during prolonged RSV-A2 infection. The mature 

microRNA miR-124-3p was the top upstream regulator predicted to be 

significantly activated for RSV-A2. miR-124-3p is involved in processes such 

as cell adhesion, development of the central nervous system, and tumor 

suppression569. KAT6A, the top upstream regulator with predicted significant 

activation for RV-A16, also overlapped with RSV-A2. Various cellular 

processes such as gene transcription, tissue development, and cellular 

senescence are regulated by KAT6A570. Overlap of 13 upstream regulators 

with predicted significant activation was observed between RSV-A2 and RV-

A16. One of the overlapping upstream regulators was the Mitogen-activated 

protein kinase kinase (MEK1) inhibitor PD98059. MEK1 is a component of the 

Mitogen-Activated Protein Kinase (MAPK)- Extracellular Signal-Regulated 

Kinases (ERK) signalling pathway571. This MEK1-mediated activation of MAPK 

is inhibited by PD98059572. A study by Zaheer et al showed that MEK1/2-ERK 

pathway downregulates RV-induced C-X-C motif chemokine ligand 10 

(CXCL10) production in HBECs573. However, application of PD98059 

enhanced RV-induced CXCL10 production573. Proinflammatory cytokines such 

as CXCL10 have been known to exacerbate RV-induced airway 
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inflammation573. Whereas Tacon et al reported that PD98059 resulted in 

decreased expression of RV-induced Matrix Metalloproteinase-9 (MMP-9) 

protein574. Considering that expression of MMP-9 is increased in RV-induced 

asthma and the protein is implicated in airway inflammation and remodelling, 

it is interesting that PD98059 has different effects on CXCL10 and MMP-9 and 

its subsequent impact on remodelling. In contrast, Chen et al found that 

PD98059 inhibited ERK2 activity and IL-8 production during RSV infection575. 

LPS was the top upstream regulator with predicted significant inhibition for 

RSV-A2. A key component of the outer membrane of most Gram-negative 

bacteria, LPS can initiate a signalling cascade to stimulate production of 

chemokines and cytokines which can evoke an intense inflammatory 

response576. Although some studies have explored the relationship between 

acute RSV-infection and LPS, the role of TLR4 and LPS in infection remain 

inconclusive. Monick et al found that TLR4 was upregulated at 24 hours post-

RSV infection577. This resulted in increased binding of LPS and stimulation of 

LPS-dependent inflammatory response578. In contrast, Marr et al reported that 

TLR4 activation by LPS does not play a role in RSV pathogenesis. Prolonged 

RSV-A2 infection may potentially lead to the inhibition of LPS to hinder 

inflammatory response579. For RV-A16, SPI1 was the top upstream regulator 

with predicted significant inhibition. The transcription factor has roles in 

processes such as myeloid cell development, complement activation, 

phagocytosis and microglial immune response580. In addition, 13 upstream 

regulators with predicted significant inhibition were common between RSV-A2 

and RVA-16. Among them were the transcription regulators IRX3 which is vital 

for the function, identity and differentiation of beige adipocyte precursors581 

and PRKCSH which plays a critical role in the protein N-terminal glycosylation 

process582. 

Candidate causal genes that were identified from signal-to-gene association 

analysis were interrogated to see whether they were differentially expressed 

following prolonged RSV-A2 and RV-A16 infection. Genes implicated in a 

diverse range of functions such as immune response (CCR5), ketogenesis 

(HMGCL), DNA cross-linking (FAN1) and microtubule binding (MDM1) were 

found to be differentially expressed. The expression of two overlapping genes, 
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IL6 and STEAP1B, were found to be significantly downregulated for both 

viruses. This suggests that IL6 and STEAP1B may not play much of a role 

during later stages of infection. This is in line with literature as a  study by Zhu 

et al reported that although bioactivity of IL-6 increased following RV infection, 

this activity peaked at 48-72 hours and then reduced thereafter583. Whereas 

Levitz et al found that induction of IL-6 by RSV is strain specific suggesting 

that pathogenesis and virulence may not be homogenous between different 

RSV strains584. Furthermore, Hornsleth et al observed that severity of RSV 

disease can be related to different strains585. Therefore, it is important to also 

consider factors such as strains and cell lines/models used when investigating 

disease pathogenesis. Little is known about the relationship between 

STEAP1B and the two viruses and therefore should be investigated further. 

Acute SARS-CoV-2 dataset was examined to assess whether the 119 

candidate causal genes identified for SARS-CoV-2 were differentially 

expressed in vitro following acute response. 27 genes were found to be 

differentially expressed including genes involved in immune response such as 

IFNAR1 and IFNAR2. A study by Yaugel-Novoa et al reported that IFNAR1 

concentration was inversely correlated with COVID-19 severity whereas 

IFNAR2 concentration was significantly elevated in patients with severe 

COVID-19586.  

The strengths of the Chapter include comparing and contrasting two important 

respiratory viruses RV and RSV. Studying similarities and differences between 

viruses can give insight into shared host response. Furthermore, this allows 

the identification of common and unique genes, pathways and upstream 

regulators which will give us greater understanding of host-virus interactions. 

In addition, since little literature exists on prolonged RV and RSV infection, 

these findings provide understanding of genes, pathways and upstream 

regulators that may be important during prolonged infection. One of the 

limitations of the Chapter is that many genes reported to be differentially 

expressed following prolonged infection may be related to cell homeostasis 

and apoptosis. This could be due to cells experiencing senescence or cell 

death after 6 days in culture therefore this should be taken into consideration. 

Another limitation was that comparison between acute and prolonged RV, RSV 
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and SARS-CoV-2 infection could not be made. Future studies should compare 

prolonged infection with acute infection to assess the similarities and 

differences in the genes, pathways and upstream regulators. 

In summary, understanding of genes, pathways and upstream regulators 

associated with prolonged RSV-A2 and RV-A16 infection were provided. 

Furthermore, the similarities and differences between the two viruses were 

examined by using this transcriptomics-based approach. Targeting common 

genes and pathways shared by respiratory viruses can potentially lead to 

successful drug repurposing of therapeutics with broad anti-viral effects. 

Therefore these findings provide opportunities to facilitate the development of 

therapeutic interventions and identification of biomarkers to aid treatment 

strategies.  
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5.0 Development of Induced Pluripotent Stem Cells 

and Human Bronchial Epithelial Cells-Derived Models 

of the Airway Epithelium to Investigate Host-Virus 

Interactions 
 

5.1 Introduction 

As the immunological and mechanical barrier against the external 

environment, the airway epithelium serves as a great candidate for 

investigating the molecular underpinnings behind host-virus interactions587. 

Furthermore, the airway epithelium is the primary area for gaseous exchange 

and also exhibits high immunological activity11. The airway epithelium is the 

initial site of interaction with respiratory viruses588. Moreover, it is the primary 

site for viral replication588. Therefore the properties of the airway epithelium, 

which helps mediate the airway homeostasis and responds to pathogens 

including respiratory viruses, are central for limiting the recurrence of 

infections588. Using animal models to study host-virus interactions can be 

expensive and time-consuming342. They also lack physiological relevancy to 

the human respiratory system587. Animal models such as rodents do not 

always fully recapitulate the architecture and the physiology of the human 

airway epithelium342. Therefore they lack physiological relevancy to the human 

respiratory system587. Whereas ex vivo human lung samples can be difficult to 

obtain587. This has led to the use of in vitro cell culture for modelling the airway 

epithelium. The manipulation of genes and molecular pathways is one of the 

benefits of using cell culture models589.  

Primary epithelial cells cultured in submerged conditions have been routinely 

used for their low maintenance and robust capacity for proliferation in vitro590. 

However, cells cultured in submerged conditions are undifferentiated 

monolayers and therefore it remains a challenge to investigate functions such 

as mucociliary clearance591. Although respiratory viruses can infect the basal 

epithelial cells that lack physiological properties of the mucociliated epithelial 

layer, ciliated cells are the primary target for infection for viruses such as 

SARS-CoV-2592. This has resulted in the utilisation of the air-liquid interface 

platform to model the differentiated airway epithelium to study host-virus 
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interactions. By implementing the ALI technique, the barrier of the airway 

epithelium can be emulated593. However, limitations include invasive 

bronchoscopy technique and finite supply of cells594. Whereas iPSC offers 

unlimited capacity of expansion for iPSCs354. Furthermore amenable nature 

for genetic engineering and the generation of patient-specific signals are some 

of the advantages possessed by iPSCs595. This Chapter focuses on the 

development of HBEC and iPSC-derived models of the airway epithelium to 

investigate host-virus interactions.  

5.1.1 Induced Pluripotent Stem Cells-Derived Airway 

Epithelium 

The foundation for generating airway epithelial cells involve differentiation 

hiPSCs through the normal pathways of human development towards the 

target cell type. For airway epithelial cells this involves differentiation through 

definitive endoderm (DE), anterior foregut endoderm (AFE), early lung 

progenitors and bronchial progenitors. During early development the epiblast, 

the precursor of somatic lineages, is established596. The germ layers of the 

blastula are then rearranged into three gastrula layers: ectoderm, mesoderm 

and endoderm597. Both gastrulation and the development of the endoderm 

transpires primarily in the node-proximal region598. The definitive endoderm 

(DE) is then incorporated into a primitive tubular anlage (primitive gut tube) 

through morphogenetic movements599. Patterning of the anlage occurs to 

allow formation of the epithelial compartment of various organs such as lungs, 

liver, pancreas and the intestines600. The anterior foregut epithelium (AFE) 

originates from the regional domain of the DE601. The caudal region of the AFE 

gives rise to the lung and trachea602. Furthermore, AFE contributes to the 

formation of other organs such as the oesophagus, stomach, and salivary 

glands601. From the ventral wall of the AFE, the lung primordium arises and 

develops to form the trachea603. At early stages of lung formation, the epithelial 

cells remain relatively undifferentiated with simple, cuboidal-columnar cells 

lining the tubule604. The tubules then undergo branching morphogenesis where 

epithelial cells start to proliferate and differentiate into various cell types along 

the proximal-distal axis of the lung604. The airway epithelium lines the 

conducting airways and the respiratory tract604. The epithelial-mesenchymal 



 214 

interactions contribute to lung development and branching morphogenesis605. 

This is mediated by a network of growth factors, transcription factors and their 

receptors605.  

Green et al were the first to direct differentiation of iPSC towards the lung cell 

fate602. Exposure of embryonic stem cells to high concentration of activin A 

(ActA) induced DE602. DE markers C-X-C chemokine receptor type 4 (CXCR4), 

c-KIT and epithelial cell adhesion molecule (EPCAM) were detected in >95% 

of the cells602. Bone morphogenic protein (BMP) and transforming growth 

factor beta (TGF-β) were inhibited using NOGGIN and SB-431542 respectively 

to generate SOX2 and forkhead box protein A2 (FOXA2) enriched cells602. 

Addition of WNT3A, keratinocyte growth factor (KGF), fibroblast growth factor 

protein 10 (FGF10), bone morphogenetic protein 4 (BMP4) and epidermal 

growth factor (EGF) induced expression of ventral markers NK2 homeobox 1 

(NKX2.1), NKX2.5 , and paired box 1 (PAX1) signifying the acquisition of lung 

fate602. Whereas Longmire et al developed a serum-free culture to derive pure 

populations of NKX2.1-expressing lung progenitors in 2012606. Through 

supplementation with activin, 80% of the DE was induced606. Exposure to high 

levels of fibroblast growth factor protein 2 (FGF2) led to establishment of 

NKX2.1 expressing AFE cells606. Treatment with cyclic AMP, dexamethasone, 

3-isobutyl-1-methylxanthine (IBMX) and KGF on day 22 for three days resulted 

in increased expression of surfactant proteins and club cells606.  

To drive specification towards lung endoderm, Mou et al cultured cells in a 

proximal induction medium consisting of B27, bone morphogenetic protein 7 

(BMP7), fibroblast growth factor protein 7 (FGF7), WNT antagonist IWR-1 and 

Noggin607. 10% of the NKX2.1+ cells were NKX2.1+ SOX2+ airway progenitor 

cells compared to 1-2% before treatment with media607. Immunodeficient mice 

were then injected with the cells607. Epithelial spheres composed of SOX2, 

FOXJ1, MUC5AC, club cell protein CC10 expressing NKX2.1+ cells were 

identified607. Moreover lung airway progenitors from cystic fibrosis-specific 

human iPSCs were generated using modified RNAs (RiPSCs)607. Treatment 

with Activin and PI3K kinase inhibitor resulted in 85-90% of the cells co-

expressing FOXA2 and SRY-box 17 (SOX17)607. Although subcutaneous 

engraftment of the RiPSC-derived NKX2.1+ cells led to formations of spheres, 
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further differentiation into ciliated, club and goblet cells were not observed607. 

In 2013, Huang et al refined the AFE induction approach to improve the 

efficiency of lung field specification608. Following DE induction, AFE was 

induced in the presence of DSM/SB431542 followed by SB431542/IWP2608. 

Next, BMP, TGF-β and WNT were sequentially inhibited, and cells were 

cultured with CHIR99021, FGF10, KGF, BMP4 and retinoic acid (RA) until day 

15608. Addition of dexamethasone, 8-bromo-cAMP and isobutylmethylxanthine 

(DCI) led to increase in surfactant protein expression608.  

Differentiation of iPSC into a functioning CFTR-expressing airway epithelium 

consisting of multiciliated, basal, club, goblet cells was reported by Firth et 

al609. Similar to Green et al , AFE was generated through dual inhibition of BMP 

and TGF-β signalling609.  At day 17, the airway epithelial progenitors were 

cultured in ALI609. Tight junction proteins epithelial cadherin (E-Cadherin), 

epithelial cell adhesion molecule (EPCAM) and zona occludens-1 (ZO-1) were 

expressed and the expression of FOXJ1 was highly upregulated609. Multiple 

cilia bodies and projections were observed609. Functional expression of CFTR 

was also reported609. Wong et al developed a protocol for the generation of 

CFTR-expressing airway epithelia from human embryonic stem cells610. 

Following DE generation using activin and WNT3A, high concentration of 

FGF2 and sonic hedgehog (SHH) was used to promote differentiation towards 

AFE610. The cultures were then treated with FGF7, FGF10, fibroblast growth 

factor protein 18 (FGF18) and a low concentration of BMP4 to drive 

differentiation towards proximal lung cell fate610. To stimulate the outgrowth of 

lung bud, retinoic acid was added to upregulate the expression of FGF10 and 

then grown in ALI for further maturation610. CFTR was observed to be located 

on the apical side of the plasma membrane along with cilia and MUC5AC610,611. 

In 2017, McCauley et al developed a low-Wnt protocol for the generation and 

maturation of proximal airway organoids from NKFX-1GFP+ lung 

progenitors611. Culturing the NKX2.1+ progenitor cells in CHIR99021, FGF10 

and KGF drove differentiation towards the lung lineage611. Cyclical modulation 

of the Wnt signalling pathway facilitated differentiation of the NKX2.1+ 

progenitor cells into proximal airway organoids611. The NKX2.1+ progenitors 

possess high levels of Wnt activation but rapidly pattern into proximal airway 
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lineage in low-Wnt conditions611. Subsequently culturing the cells in 2D ALI or 

organoids in Notch inhibitor DAPT resulted in the generation of multiciliated 

epithelial cells611. In contrast, Ghaedi et al developed a protocol where AFE 

was generated by sequentially exposing the DE cells to 

dorsomorphin/SB431542 and IWP2/SB431542 from day 5-6 and 6-7 

respectively612. To drive differentiation into proximal airway progenitor cells, 

cells were exposed to BMP7, KGF, high-concentration RA, and WNT 

antagonist on day 15612. Expression of airway progenitor markers such as  

P63, cytokeratin 14 (CK14) and 5 (CK5) was observed. iPSCs were also 

cultured in conducting airways of lung tissue scaffolds612. Whereas an 

epithelial-only airway organoid protocol was developed by McCauley, Hawkins 

and Kotton in 2018612. Embryonic or iPSCs are differentiated into DE. Dual-

SMAD inhibition is then initiated to pattern the PSCs into AFE612. To drive 

differentiation into NKX2.1+ lung progenitor fate, Wnt, BMP and retinoic acid 

signalling is activated612. The lung progenitors are expanded in a low-Wnt, 

FGF-containing media to specify airway epithelial progenitors612. Cells are 

resuspended briefly in 3D Matrigel matrix and replated in tissue culture 

dishes612. FGF signalling is activated by culturing the cells in media 

supplemented with FGF2, FGF10, cAMP, and corticosteroids612. This enables 

formation of epithelial spheres which contain differentiated airway cell types612. 
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 Table 5-1. Table of Lung iPSC Differentiation Protocol. The 

table outlines the protocol, its duration, the year of publication 

and the growth factors used. 
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Figure 5-1. Schematic of Published Protocols on Differentiation 

of iPSC. Protocols by Green et al, Longmire et al, and Mou et al are 

outlined.  
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Figure 5-2. Schematic of Published Protocols on Differentiation 

of iPSC. Protocols by Firth et al, Wong et al, and McCauley et al are 

outlined.  
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Figure 5-3. Schematic of Published Protocols on 

Differentiation of iPSC. Protocols by McCauley et al, Ghaedi et 

al, McCauley, Hawkins and Kotton are outlined. 
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5.1.2 Primary Cells-Derived Airway Epithelium 

Human bronchial epithelial cells (HBECs) cultured in ALI are currently the gold 

standard method for modelling the airway epithelium10. The differentiated 

pseudostratified layer possesses greater physiological relevancy to the 

epithelium in vivo compared to undifferentiated cells cultured in submerged 

conditions10. Some studies have shown that HBEC-derived ALI cultures can 

recapitulate gene expression and secretary profiles of primary cells in vivo613. 

Kesimer et al compared the protein composition between human 

tracheobronchial normal induced sputum and HBECs cultured at ALI. A high 

level (90%) of similarity was observed with the mucins MUC1, MUC4, MUC16, 

MUC5B and MUC5AC being identified in both samples613. Furthermore,  

Pezzulo et al. reported similarity between the gene profile of ALI-HBECS and 

the airway epithelium in vivo614. However, a study by Dvorak et al found that 

whilst a strong overall correlation in gene expression existed between HBEC-

derived ALI cultures and in vivo airway epithelial cells, differences were 

apparent615. Genes associated with immune response and the cytoskeleton 

had higher expression in vivo cells whereas genes associated with proliferative 

processes showed elevated expression in ALI cells615. This difference could 

be due to differences in the biology of the cell culture environment615. Although 

ALI models have been shown to recapture the gene expression pattern in situ 

and maintain important metabolic enzymes, the cultures tend to express higher 

levels of cell cycle and basal-cells related genes615.  

ALI allows investigation of host-virus interactions along with mechanistic 

studies behind respiratory diseases. Cells from a selected patient population 

can be studied using primary cells cultured in ALI. For example, characteristics 

of a distorted airway epithelium are retained in ALI-cultured cells derived from 

asthmatic patients therefore allowing disease modelling in a physiologically 

relevant way616. Moreover, Ji et al to investigate the effects of air pollution 

nanoparticles using chronic bronchiolitis ALI model617. However, 

disadvantages of the ALI-HEC models include the invasive nature of 

bronchoscopy which can cause complications such as trauma to the airway, 

nasopharyngeal, and vocal cord, laryngospasm, bronchospasm, 

haemorrhage, pneumothorax and infection618. Furthermore, variation between 
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differentiation of the ALI-HBEC model has been observed across different 

research groups. For example, ALI cultures have been found to resemble the 

cuboidal morphology of mice epithelium instead of the columnar morphology 

of the human airway epithelium591. Although the ALI-HBEC model provides a 

useful platform for studying host-virus interactions, alternative methods such 

as iPSC have been utilised.  

5.1.3 Studying Host-Virus Interactions Using Cell 

Culture Models 

Viruses rely on host cells for synthesis of macromolecular machinery, genome 

replication and assembly of particles505. Due to this dependence, viruses have 

adopted a multitude of mechanisms to exploit host cell functions which often 

damages the host cells505. Investigation of host-virus interaction is important 

as many vital discoveries surrounding cellular processes were discovered 

when studying replication cycle of viruses or when using viruses as model 

systems505. Studying the complexities of viral gene expression has resulted in 

the discovery of host factors that influence host genome replication, protein 

synthesis and RNA splicing 505. Host-RSV interaction has mainly been studied 

using immortalised cell lines619. Hallak et al investigated RSV infection using 

laryngeal carcinoma-derived HEp-2 cells620. Whereas Krusat and Streckert 

studied the interaction using cervical carcinoma-derived HeLa cells621. 

However due to the differences in many aspects from in vivo airway epithelium, 

immortalised cell lines may not be the best model to study RSV infection619. 

Few studies have used primary cells to study host-RSV interaction. Study by 

Johnson et al utilised primary, differentiated airway epithelium cultures to 

elucidate CX3CR1 as a receptor for RSV505,619. 

During viral infection, pattern recognition receptors such as toll-like receptors 

(TRLs) detect viruses by recognising pathogen-associated molecular 

patterns622. Following the binding of PAMP, TLRs either signals through the 

TIR-domain containing adapter-inducing IFNβ (TRIF) or the myeloid 

differentiation factor (MyD88)622. Adaptor proteins are recruited, and cellular 

kinases are activated622. This leads to the activation of interferon regulatory 

factor (IRF) 3 and 7 which initiates production of anti-viral cytokines called 

interferons (particularly IFNβ, IFNƛ) and anti-viral proteins622. Anti-viral 



 224 

proteins, also called restriction factors, such as 2’-5’-oligoadenylate 

synthetases (OAS) play a vital role in hindering viral replication and limiting 

viral infection324. Furthermore, polymorphisms of OAS1 have been associated 

with altered cellular function which results in diseases such as Sjögren's 

syndrome and susceptibility to tuberculosis infection324. Therefore, studying 

the function of OAS1 is important. Interaction between RSV A2 and the host 

was investigated in this Chapter by assessing the viral load and the expression 

of RSV receptor CXRCR1, IFNβ, IFNƛ  and OAS1 in LOPCK, REBL-PAT, 

submerged and ALI-HBECSs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 225 

5.2 Aims and Objectives 

Overall Aim: To develop iPSC model of the airway epithelium and compare it 

to gold-standard ALI-HBECS model to investigate host-RSV interactions.  

The objectives of the Chapter are: 

• To utilise the Wong et al protocol to differentiate the iPSC cell line 

LOPCK and REBL-PAT into lung progenitors and mature airway 

epithelium. 

• To evaluate the differentiation of cells across the stages: 1 (formation of 

DE), 2 (formation of AFE), 3 (bronchial progenitors), 4 (expansion of 

bronchial progenitors). 

• To assess the utility of the model to study RSV infection by examining 

how permissive the iPSCs are at different stages of differentiation and 

examining the changes in the expression of restriction factors OAS1, 

interferon responses, and CX3CR1 across key stages. 
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5.3 Methods and Materials 

5.3.1 Molecular Biology Methods 

Molecular Biology Methods specific to this Chapter such as cDNA synthesis 

and RT-qPCR are detailed in this section. 

5.3.1.1 Markers of iPSC Differentiation  

Validation of differentiation at end of each stage is important. Therefore, the 

cells at each stage of the differentiation are characterised by assaying specific 

markers. FOXA2, SOX17, NKX2.1, FOXJ1, KRT5 and MUC5AC were 

assayed for at the end of each stage of differentiation of LOPCK and REBL-

PAT iPSCs to see the change in gene expression throughout the stages. The 

aforementioned markers were also assayed in undifferentiated LOPCK and 

REBL-PAT iPSCs, submerged and ALI-HBECs. 50 ng of RNA was used for 

RT-qPCR. The stages of differentiation and function of markers are 

summarised in table 5-2. 

 

 

 

Markers Stages of 

Differentiation 

Function 

FOXA2 Stage 1 Formation of DE 

SOX17 Stage 1 Formation of DE 

NKX2.1 Stage 2  Formation of AFE, lung 

morphogenesis 

FOXJ1 Stage 3, 4, 5 Formation of cilia  

KRT5 Stage 3, 4, 5 Formation of basal cells 

MUC5AC Stage 3, 4, 5 Production of MUC5AC protein 

 

 

 

 

Table 5-2. List of RT-qPCR markers used to assay for different 

stages of the differentiation. The function of the different markers is 

outlined in the table below. 
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5.3.1.2 cDNA Synthesis 

Through reverse transcription, complementary DNA (cDNA) was synthesised 

from an RNA template623. Reverse transcriptase (RT), the replicating enzyme 

of retrovirus, catalyses this reaction623. Under well-defined pH and salt 

conditions with the presence of deoxynucleotides (dNTP), primer 

complementary to the RNA is extended by RT to produce cDNA623. cDNA is 

used for RT-qPCR. 

Protocol 

1. Before starting, each component was briefly centrifuged 

2. For each reaction, the following components were added to a sterile 

0.5-ml Eppendorf tube (Table 5-3) 

 

 

Reagent Volume (μl) 

RNA 1  

10 mM dNTP mix 1  

Random hexamers 1  

DEPC-treated water 7 

 

3. The RNA/primer mixture was incubated for 5 minutes at 65°C and then 

placed on ice for approximately 1 minute 

4. The 2X reaction mix was prepared in a separate tube and with each 

component being added in the order stated on Table 5-4 

 

 

Reagent Volume (μl) 

RNA 2  

10 mM dNTP mix 4  

Primer 2  

DEPC-treated water 1  

 

Table 5-3. Reaction mixture for cDNA synthesis. Reagents and 

volumes are outlined.  

Table 5-4. 2X reaction mixture for cDNA synthesis. Reagents and 

volumes are outlined. 
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1. 9 µl of the 2X reaction mix was added to each RNA/primer mixture  

2. The reaction mixture was briefly centrifuged and incubated at 25°C for 

2 minutes 

3. 1 µl of SuperScript™ II RT was added to each tube 

4. 1 µl DEPC-treated water instead of the RT was used for the RT-negative 

control 

5. The reaction mixture was incubated at 25°C for 10 minutes and 42°C 

for 50 minutes  

6. The reaction was terminated at 70°C for 15 minutes and chilled on ice 

7. The reaction was collected by brief centrifugation 

8. 1 µl of RNase H was added to each tube and incubated at 37°C for 20 

minutes 

9. The reaction mixture was stored at -20°C 

 

5.3.1.3.RT-qPCR 

Quantitative polymerase chain reaction (qPCR) enables ‘real-time’ 

measurement of gene expression by utilising the use of fluorescently labelled 

oligonucleotide probes. Detection is only enabled after hybridisation between 

the probe and its complementary sequence624. The quantity of DNA present is 

proportional to the amount of fluorescence625. Following RT-mediated cDNA 

synthesis, RT-qPCR was used to assay for differentiation markers and for RSV, 

RSV receptor CX3CR1, interferon response and restriction factor OAS1. 

Protocol 

1. For each sample, the PCR reaction mix was prepared using the 

following reagents in a microcentrifuge tube (Table 5-5) 
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Reagent Volume (μl) 

20x TaqMan® Gene Expression Assay 1  

TaqMan® Gene Expression Master Mix 10  

cDNA Template 1  

RNase-free Water 18 

 

2. The reaction components were mixed by inverting the tube several 

times 

3. The tube was briefly centrifuged 

4. 20 μl of PCR reaction mix was transferred to each well of a 96-well 

reaction plate 

5. The plate was sealed and briefly centrifuge the plate 

6. The plate was loaded onto a thermocycler 

7. The thermocycling conditions are stated on Table 5-6 

 

 

 

Stage Temperature (ºC) Time 

Hold  50 2 minutes 

Hold  95 10 minutes 

40 Cycle 95 15 seconds 

40 Cycle 60 1 minute 

 

 

 

 

 

Table 5-6. Thermocycling conditions used for RT-qPCR. 

Temperature and duration for each stage are outlined. 

Table 5-5. Components for PCR reaction mix. Reagents and 

volumes are outlined. 
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5.3.1.4.RT-qPCR Data Analysis 

For data analysis, delta cycle threshold (ΔCt) was used. Ct value is the number 

of cycles required for the target gene to exceed a threshold value. The Ct 

values for the technical replicate for each sample was averaged. Next, the 

delta Ct (ΔCt) which is the difference between Ct values of the gene of interest 

and housekeeping gene was  calculated. Housekeeping genes are important 

for maintaining basic cellular function and are expressed in all cell types626. 

They are used as a method for normalisation626. 18S ribosomal RNA (18S 

rRNA) was used as the housekeeping gene because the gene was expressed 

in the key stages of iPSC differentiation, submerged and ALI-HBECs. ΔCt was 

calculated using the following formula: 

 

ΔCt = Ct (Gene of Interest) -  Ct (Housekeeping Gene) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 231 

5.3.2 Cell Culture Methods 

This section outlines the cell culture methods used for this Chapter.  

5.3.2.1  iPSC 

This section details the iPSC cell line, reagents and protocols used during the 

thesis. 

5.3.2.1.1 REBL-PAT Cell Line 

REBL-PAT cell line was one of the iPSC cell line used for this Chapter. The cell 

line is derived from a skin punch biopsy of dermal fibroblast taken from a male 

subject627. CytoTuneTM-IPS 2.0 Sendai Reprogramming Kit was used to 

transduce the cell line627. The cell line was kindly provided by the Hannan Lab 

Group. 

5.3.2.1.2 LOPCK Cell Line 

LOPCK cells was another iPSC cell line used for the Chapter. The cell line was 

kindly provided by the Hannan Lab Group.  

5.3.2.1.3 Coating of Cell Culture Dishes with Matrigel 

Prior to culturing cells, cell culture dishes were coated with Matrigel overnight. 

Matrigel is an extract of basement membrane proteins derived from 

Engelbreth-Holm-Swarm murine tumour628. The extract is reconstituted into a 

solid gel at 37°C629. Matrigel supports differentiation and cell 

morphogenesis628. 

Protocol 

1. For T25 flask, 73 μl of Matrigel (11.9 mg/ml) was suspended in 10 ml of 

DMEM F-12 media 

2. 5 ml of the Matrigel-DMEM F-12 solution was placed in a T25 flask 

3. The T25 flask was incubated overnight at 37°C and 5% CO2 in an 

incubator 

4. For 6-well plate, 1.5 ml of Matrigel solution was used to coat each well 
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5.3.2.1.4  Maintenance of iPSC 

iPSCs were maintained daily using Homebrew Essential 8 media (HB E8). 

Following reagents were used to make up the media (Table 5-7). 

 

 

 

Reagent Volume (μl) 

Insulin 100 

Small Molecule 75 

Transferrin 9 

Penicillin-streptomycin 500 

 

Protocol 

1. 5 μl of the HB E8 media in a 5 ml universal tube was warmed in water 

bath  

2. 5 μl of growth factors FGF2 (1:1000) and TGF-β (1:1000) was added to 

HB E8 media 

3. The flask was incubated at 37°C and 5% CO2 in a cell culture incubator 

4. Media was changed daily 

 

5.3.2.1.5  Adaption of iPSC to Single-cell Passaging 

Cells can have reduced mitotic index if confluent cells are not passaged630. 

This can lead to cell death. Therefore, the cells are passaged routinely. First 

the cells are detached from the cell culture vessel through trypsinisation. 

TrypLE, a recombinant enzyme with trypsin-like activity, was used to trypsinise 

the cells631. The cell suspension is then replated into fresh culture. The method 

for passaging iPSC is detailed below. 

 

 

 

Table 5-7. Volume of reagents was used to make the HB E8 

media for maintainence.  
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Protocol 

1. 5 ml of the HB E8 media was aliquoted into a universal tube 

2. The media was warmed to 37°C in a water bath 

3. The following growth factors was added to the media (Table 5) 

4. Matrigel in the Matrigel-coated T25 flask was washed twice with PBS 

and aspirated 

5. Spent media from the T25 flask containing iPSC was aspirated 

6. The iPSC containing-T25 flask was washed twice with 5 ml of PBS and 

aspirated 

7. The iPSCs were incubated with 3 ml of TrpLE for 4 minutes at 37°C and 

5% CO2  

8. After 4 minutes, TrpLE was immediately aspirated 

9. The iPSCs were flushed against the wall 3 times using 5 ml of HB E8 

media without the growth factors 

10. The cells were transferred and passaged in a 1:20 ratio with 5 ml of HB 

E8 media with growth factors onto the Matrigel-coated T25 flask 

11. The iPSCs were incubated in a cell culture hood at 37°C and 5% CO2 

 

5.3.2.1.6 Differentiation of iPSC into Lung Cells 

Using Wong et al protocol, iPSC cell line LOPCK and REBL-PAT were 

differentiated through the following stages: Stage 1 definitive endoderm, Stage 

2 anterior foregut epithelium, Stage 3 bronchial progenitors, Stage 4 expansion 

of bronchial progenitors and Stage 5 maturation and polarisation of lung 

epithelia610. Following establishment of DE, the cells are directed to AFE using 

high concentration of FGF2 and SHH610. Cells are driven to a lung fate at high 

concentrations of FGF2, whereas intermediate concentration drives pancreatic 

lineage, and low concentration promotes hepatic development632. The distal 

lung bud shows high expression of SHH where it mediates epithelial 

proliferation and mesenchymal cell growth during morphogenesis of lung 

branches633. Furthermore, the drive towards the pancreatic fate is suppressed 

by SHH634. 
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The cells are then exposed to FGF7, FGF10, FGF18 and BMP4 to drive 

differentiation into immature lung cells610. FGF7 promotes epithelial 

proliferation and distinct growth patterns of the airway epithelium605. Located 

in the lung mesenchyme, FGF10 is vital for epithelial proliferation and 

commitment to the lung lineage during embryonic and post-natal 

development635. FGF10 is also involved in the outgrowth of lung bud, 

organogenesis, and protection and regeneration of the lung epithelium 

following injuries635. FGF18 also plays an essential role in lung 

organogenesis636. The expression of FGF18 is elevated during the pseudo-

glandular  stage of lung development when maximal branching occurs636. 

Whereas BMP4 mediates epithelial cell differentiation and morphogenesis in 

developing lungs637. To induce maturation and differentiation into a 

pseudostratified airway epithelium complete with basal, ciliated and mucus-

producing goblet cells, the cells are cultured in ALI for five weeks610. Summary 

of the growth factors used for the differentiation is outlined on Table 5-8.  

 

 

 

Growth 

Factor 

Stages of 

Differentiation 

Function 

FGF2 Stage 2 Drives lung fate 

SHH Stage 2 Morphogenesis of lung branches 

FGF7 Stage 3  Epithelial proliferation, induces 

expression of SP-A and SP-B 

FGF10 Stage 3  Epithelial proliferation, drives lung fate 

BMP4 Stage 3  Epithelial differentiation and 

morphogenesis of lung branches 

FGF18 Stage 3 and 4 Lung organogenesis 

 

 

 

Table 5-8. List of growth factors used during different stages of 

the differentiation. The function of the different growth factors is 

outlined in the table below.  
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Table 5-9. Volume and concentration of reagents used to make 

the RPMI basal media. 

Protocol 

Stage 1: Differentiation to Definitive Endoderm 

Prior to differentiation, 6-well plate were coated using the protocol outlined on 

section 2.2.2.3. 

Day -1 

1. 55,000 cells were seeded per well in a 6-well plate as outlined on 

section 2.2.2.3. 

2. 1.5 ml of the cell suspension was added per well of the 6-well plate 

3. The cells were incubated at 37°C and 5% CO2 in a cell culture incubator 

Day 0 

1.  50 ml of RPMI basal media was prepared using the reagents from Table 

5-9 

 

 

Reagents Volume (ml) Concentration 

B27  1.00 0.10% 

Penicillin-streptomycin 0.50 0.10% 

Non-essential amino 

acids  

0.50 0.10% 

 

2. Spent media was aspirated from the 6-well plate 

3. 9 μl of ActA and Wnt was added to 9 ml of RPMI basal media 

4. 1.5 ml of RPMI basal media was added per well of the 6-well plate 

5. The cells were incubated at 37°C and 5% CO2 in a cell culture incubator 

Day 1 

1. Media was replaced with 1.5 ml of RPMI basal media supplemented 

with ActA and Wnt per well 
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Day 2 

1. Media was replaced with 1.5 ml of RPMI basal media supplemented 

with ActA and Wnt per well 

2. For the coating of Transwell insert, 1 ml of human placenta collagen 

was added to 9 ml of deionised water to make a working concentration 

of 60 µg/ml 

3. 150 µl of collagen was added per Transwell insert and left open 

overnight in a sterile cell culture cabinet 

Day 3 

1. Cells were lysed as outlined on section 2.1.2 to assay for DE markers 

by RT-qPCR 

 

Stage 2: Differentiation to the Anterior Foregut Endoderm 

Day 3 

1. The collagen-coated Transwell inserts were washed three times with 

DMEM/F12 

2. The transwell inserts were air dried for at least 1 hour in the sterile cell 

culture incubator 

3. The differentiation basal medium was prepared by adding the following 

reagents to 50 ml of KnockOutTM DMEM media (Table 5-10). 

 

 

Reagent Volume (ml) Concentration 

KnockOutTM Serum 

Replacement 

5.00 10% 

Penicillin-streptomycin 0.30  1% 

GlutaMAX™ 0.60  2 mM 

1-Thioglycerol (MTG) 0.15  0.15 mM 

Non-essential Amino Acid 0.30 1 mM 

 

Table 5-10. volume and concentration of regents used to make the 

differentiation basal medium.  
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4. Spent medium was aspirated from the 6-well plate 

5. Cells were washed with PBS twice 

6. Cells were incubated with 300 μl of TrypLE per well for 5 minutes at 

37°C and 5% CO2 

7. 1 ml of basal differentiation medium was added per well  

8. Cells were transferred to a 15 ml conical tube and centrifuged at 400g 

at 25°C temperature for 5 minutes 

9. The supernatant was aspirated, and cell were suspended in 1 ml of 

differentiation basal medium 

10. Anterior foregut endoderm (AFE) medium was prepared by adding 500 

ng/ml of FGF2, 50 ng/ml SHH and 50 ng/ml Rock inhibitor to prewarmed 

differentiation basal medium 

11. ~5 × 105 cells with AFE medium were seeded to the apical side of the 

Transwell inserts 

12. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

Day 4 

1. Spent media was aspirated and 0.25 ml of AFE media supplemented 

with 500 ng/ml of FGF2 and 50 ng/ml SHH was added to the apical side 

of the Transwell 

Day 5 

1. Spent media was aspirated and 0.25 ml of AFE media supplemented 

with 500 ng/ml of FGF2 and 50 ng/ml SHH was added to the apical side 

of the Transwell 

2. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 7 

1. Spent media was aspirated and 0.25 ml of AFE media supplemented 

with 500 ng/ml of FGF2 and 50 ng/ml SHH was added to the apical side 

of the Transwell 

2. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 24 hours 
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Stage 3a: Differentiation to Lung Progenitors 

Day 8 

1. Stage 3a medium was prepared by combining add 50 ng/ml of FGF7, 

50 ng/ml of FGF10 and 5 ng/ml BMP4 to differentiation basal medium 

2. Spent media was aspirated and 0.25 ml of Stage 3a media was added 

to the apical side of the Transwell 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 24 hours 

Day 10 

1. Spent media was aspirated 

2. 0.25 ml of AFE media supplemented with 50 ng/ml of FGF7, 50 ng/ml 

of FGF10 and 5 ng/ml BMP4 was added to the apical side of the 

Transwell 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 12 

1. Spent media was aspirated 

2. 0.25 ml of AFE media supplemented with 50 ng/ml of FGF7, 50 ng/ml 

of FGF10 and 5 ng/ml BMP4 was added to the apical side of the 

Transwell 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

 

Stage 3b: Differentiation to Immature Lung Cells 

Day 13 

1. Stage 3b medium was made by adding 10 ng/ml of FGF7, 10 ng/ml of 

FGF10 and 10 ng/ml of FGF18 to the differentiation basal medium 

2. 0.25 ml of stage 3b medium was added  to the apical side of the 

Transwell inserts 
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3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 15 

1. Stage 3b medium was aspirated from the cells 

2. 0.25 ml of stage 3b medium supplemented with 10 ng/ml of FGF7, 10 

ng/ml of FGF10 and 10 ng/ml of FGF18 was added to the apical side of 

the Transwell inserts 

3. Cells were incubated at 37 °C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 17 

1. Stage 3b medium was aspirated from the cells 

2. 0.25 ml of stage 3b medium supplemented with 10 ng/ml of FGF7, 10 

ng/ml of FGF10 and 10 ng/ml of FGF18 was added  to the apical side 

of the Transwell inserts 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

 

Stage 4: Expansion of Immature Lung Cells 

Day 18 

1. Lonza BEGMTM Bronchial Epithelial Cell Growth Medium (BEGM) 

BulletKitTM was prepared by combining the supplements to 500 ml of 

BEBM® Basal Medium (Table 5-11) 
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2. 10 ng/ml of FGF18 was added to the BEGMTM medium 

4. Spent 3b media was aspirated and 0.25 ml of BEGMTM media with 10 

ng/ml of FGF18 was added to the apical side of the Transwell  

5. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 20 

1. Spent media was aspirated and 0.25 ml of BEGMTM media with 10 ng/ml 

of FGF18 was added to the apical side of the Transwell  

2. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

 

 

Reagent Volume 

(ml) 

Concentration  

Bovine Pituitary Extract (BPE) 2.00 52.00 μg/ml 

Insulin 0.50  5.00 μg/ml 

Hydrocortisone 0.50 0.50 μg/ml 

Gentamicin Sulfate-Amphotericin 

(GA-1000) 

0.50 Gentamicin: 30 

μg/ml 

Amphotericin: 

15 μg/ml 

Retinoic Acid 0.50 0.10 ng/ml 

Transferrin 0.50 10.00 μg/ml 

Triiodothyronine 0.50 6.50 ng/ml 

Epinephrine 0.50 0.50 μg/ml 

Human Epidermal Growth Factor 

(hEGF) 

0.50 0.50 ng/ml 

Table 5-11. Volume and concentration of reagents used to make 

the BEGMTM media. 
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Day 22 

1. Spent media was aspirated and 0.25 ml of BEGMTM media with 10 ng/ml 

of FGF18 was added to the apical side of the Transwell  

2. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 24 hours 

Day 23 

1. Using the B-ALI™ Bronchial Air-Liquid Interface Medium BulletKit™, 

the following reagents was combined to prepare 250 ml of B-ALITM 

Growth Medium (Table 5-12) 

 

 

Reagent Volume 

(ml) 

Concentration  

Bovine Pituitary Extract (BPE) 1.00 52.00 μg/ml 

Insulin 0.25 5.00 μg/ml 

Hydrocortisone 0.25 0.50 μg/ml 

Gentamicin Sulfate-Amphotericin 

(GA-1000) 

0.25 Gentamicin: 30 

μg/ml 

Amphotericin: 

15 μg/ml 

Retinoic Acid 0.25 0.10 ng/ml 

Transferrin 0.25 10.00 μg/ml 

Triiodothyronine 0.25 6.50 ng/ml 

Epinephrine 0.25 0.50 μg/ml 

Human Epidermal Growth Factor 

(hEGF) 

0.25 0.50 ng/ml 

 

1. Spent BEGMTM growth medium was aspirated 

2. 0.25 ml of B-ALITM growth medium was added to the apical side of the 

Transwell inserts 

Table 5-12. Volume and concentration of reagents used to 

make B-ALITM Growth Medium. 



 242 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 25 

1. Spent BEGMTM growth medium was aspirated 

2. 0.25 ml of B-ALITM growth medium was added to the apical side of the 

Transwell inserts 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

Day 27 

1. Spent BEGMTM growth medium was aspirated 

2. 0.25 ml of B-ALITM growth medium was added to the apical side of the 

Transwell inserts 

3. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 24 hours 

Stage 5: Maturation and Polarization of the Epithelium 

Day 28 

1. Spent B-ALITM growth medium was aspirated 

2. 500 ml of B-ALITM Differentiation Medium was prepared by combining 

the following reagents (Table 5-13) 
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1. 0.50 ml of B-ALI differentiation medium was added to the basolateral 

side of the Transwell inserts  

2. Cells were incubated at 37°C  and 5% CO2 in a cell culture incubator 

for 48 hours 

3. Steps 1-3 of Stage 5 was repeated up to 5 weeks with media change 

every 48 hours 

 

 

 

 

 

Reagent Volume 

(ml) 

Concentration  

Bovine Pituitary Extract (BPE) 2.00 52.00 μg/ml 

B-ALI-Inducer 0.50 0.03 μg/ml 

Insulin 0.50  5.00 μg/ml 

Hydrocortisone 0.50 0.50 μg/ml 

Gentamicin Sulfate-Amphotericin 

(GA-1000) 

0.50 Gentamicin: 30 

μg/ml 

Amphotericin: 

15 μg/ml 

Retinoic Acid 0.50 0.10 ng/ml 

Transferrin 0.50 10.00 μg/ml 

Triiodothyronine 0.50 6.50 ng/ml 

Epinephrine 0.50 0.50 μg/ml 

Human Epidermal Growth Factor 

(hEGF) 

0.50 0.50 ng/ml 

Table 5-13. Volume and concentration of reagents used to make 

B-ALITM Differentiation Medium 
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5.3.2.2 HBECs 

5.3.2.2.1 Maintenance of HBECs using PneumaCult™-Ex 

Plus Medium 

Prior to ALI, HBEC D195307 was cultured in submerged conditions using 

PneumaCult™-Ex Plus Medium as detailed on Chapter 2 Section 2.2.3.3. The 

PneumaCult™-Ex Plus Medium is a bovine pituitary extract (BPE) and serum-

free medium which enables more expansion of HBECs at each passage. The 

medium possesses a better differentiation potential making it an ideal medium 

for forming pseudostratified epithelium at ALI.  

Protocol 

1. PneumaCult™-Ex Plus 50X Supplement was thawed at 25°C and 

gently inverted 

2. 10 ml of PneumaCult™-Ex Plus 50X Supplement and 0.5 ml of 

Hydrocortisone Stock Solution was added to 490 ml of PneumaCult™-

Ex Plus Basal Medium and mixed 

3. 11 ml of reconstituted PneumaCult™-Ex Plus Basal Medium was added 

to T75 flaks 

4. The cells were cultured at 37°C and 5% CO2 in a cell culture incubator 

 

5.3.2.2.2 Air Liquid Interface 

HBECs are cultured in ALI conditions to form a pseudostratified mucociliary 

layer with specialised cells such as basal, ciliated and goblet cells. Upon 

confluency, HBEC D195307 was passaged and seeded as detailed on Chapter 

2 Section 2.2.3.3. HBEC D195307 were cultured in PneumaCultTM-ALITM in 

ALI conditions.  
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Protocol 

1. PneumaCultTM-ALITM 10X supplement was defrosted overnight at 4°C 

and gently inverted 

2. 50 ml of the 10X supplement was added to 450 ml of PneumaCultTM-

ALITM Basal Medium and mixed thoroughly to make up 500 ml of 

PneumaCultTM-ALITM Complete Base Medium 

3. 20 ml of PneumaCultTM-ALITM Complete Base Medium as 

supplemented using the reagents from Table 5-14 

 

 

 

 

Reagent Volume 

PneumaCultTM-ALI Maintenance 

Supplement 

200 μl 

Heparin 40 μl 

Hydrocortisone 100 μl 

Penicillin-streptomycin 200 μl 

 

4. 500 µl of PneumaCultTM-ALITM Complete Base Medium was placed in 

the basolateral chamber of the Transwell insert 

5. The ALI inserts were incubated at 37ºC and 5% CO2 in a cell culture 

incubator 

5.3.2.2.3 Trans-epithelial Electrical Resistance Readings  

Trans-epithelial electrical resistance (TEER) is a routinely used quantitative 

method to measure integrity of tight junction624. Electrical resistance is 

measured across a cellular monolayer to enable a reliable and sensitive 

method to assess barrier integrity and permeability624. The EVOM Epithelial 

Voltohmmeter (World Precision Instruments) was used to conduct TEERs on 

day 7, 14 and 21 of ALI. 

 

 

Table 5-14. Reagents for PneumaCultTM-ALITM Complete Base 

Medium. 
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Protocol 

1. 200 µl of PneumaCultTM-ALITM Complete Base Medium was placed 

into the apical surface and 500 µl into the basolateral chamber of the 

Transwell inserts including the blank 

2. The inserts were incubated for 20 minutes at 37ºC and 5% CO2 

3. The electrode was calibrated by exposing it to 70% IMS, PBS and then 

ALI media 

4. The electrode was then placed on the insert 

5. Three readings were taken for each insert and the average was 

calculated 
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5.3.3 Viral Methods 

This section details the viral methods used in this Chapter. 

5.3.3.1 RSV-A2 GFP 

RSV-A2 GFP (rgRSV) was kindly provided by Professor Colin Bingle369. A full-

length RSV cDNA clone, MP224, was constructed to contain GFP by inserting 

a BstXI fragment consisting of the gene start, NS1 untranslated region, the 

Green Lantern Protein (Life technologies, Inc.) and the L gene end in this 

particular order369. To generate the BstXI fragment, the BstXI/BamHI fragment 

from the C41-GFP minigenome was transferred into another GFP minigenome 

called the MP129 to generate MP166369. The XhoI/NcoI fragment from MP166 

was transferred into MP90, a bipartite minigenome which contains the GFP 

gene and is flanked by BstXI sites and luciferase gene, to generate MP169369. 

The BstXI fragment was transferred from MP169 into a full-length RSV cDNA 

clone, D46, to create MP224369. MP224 was rescued by transfecting it with 

four plasmids which expressed the N, P, L and M2-1 support proteins into HEp-

2 cells369. T7 RNA polymerase from the recombinant vaccinia virus MVA-T7 

was used to drive transcription from the plasmids. Infectious viruses that were 

released were amplified in HEp-2 cells369. 

5.3.3.2 Infection of iPSCs and HBECs with RSV-A2 

iPSC cell line LOPCK and REBL-PAT and D195307 HBEC were infected using 

the protocol outlined on Chapter 2 Methods and Materials Section 2.3.3. Cells 

were infected with RSV-A2 for 1 hour and replaced with fresh media. The cell 

culture media was removed after 48 hours. The cells were then lysed with 

Buffer RLT and stored at -80℃ for RT-qPCR.  
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5.3.4 Immunohistochemistry Methods  

The immunohistochemistry (IHC) methods are detailed in this section. 

5.3.4.1 Embedding ALI-HBECS culture with 1% Low  

Melting Agarose Gel 

Tissue processing is a technique where a sample is embedded in formalin-

fixed paraffin to facilitate sectioning before IHC638. The process consists of 

dehydration, clearing and infiltration638. The sample is dehydrated to make 

aqueous formalin-fixed tissues miscible with non-aqueous paraffin wax638. 

Since dehydration agents are not miscible with paraffin, clearing agents (which 

are miscible with paraffin and dehydrating agent) are added638. Infiltration 

using paraffin wax is conducted to maintain the architecture of the sample 

during sectioning638. Before tissue processing, the ALI-HBEC cultures were 

fixed with PFA and embedded with 1% agarose gel.  

Protocol 

1. 1 gm of agarose was added to 100ml of distilled water in a 250ml glass 

bottle 

2. The mixture was heated in the microwave for 2 minutes and mixed after 

one minute 

3. The ALI-HBEC cultures were fixed with 4% PFA for 2 hours 

4. The PFA was discarded, and the ALI-HBEC cultures were washed three 

times with PBS 

5. Plastic cassettes were chilled on ice bath 

6. Drops of agarose gel was added to the cassette 

7. The membrane from the ALI-HBEC Transwell inserts were cut using 

disposable blades and transferred onto the gel with forceps 

8. Drops of gel were immediately dropped onto the samples and left on ice 

for 5 minutes 

9. The cassettes were kept in the 4°C fridge room for 24 hours 

10. After 24 hours, the ALI-HBEC cultures were taken for tissue processing 
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5.3.4.2 Use of Microtome for Sectioning  

Following tissue processing, the paraffin embedded ALI-HBEC cultures were 

sectioned using the microtome. 

Protocol 

1. Water bath was filled with distilled water and heated to 40-45°C 

2. Disposable blade was clamped onto the microtome by folding the blade 

guard and the right clamping lever downwards 

3. The blade was slid in from the side in-between the knife holder and the 

clamp mount 

4. The blade was clamped by folding the right clamping lever and the blade 

guard upwards 

5. The embedded block was inserted into the specimen clamp 

6. To section the specimen, the blade guard was folded downwards and 

handwheel locking mechanism was released until the block was 

sufficiently trimmed 

7. Sections were picked up using a tweezer a floated onto the surface of 

the water bath to flatten out 

8. Sections were picked up from the water bath using the microscope slide  

9. Slides were labelled with pencil and dried overnight and stored in room 

temperature for use 

 

5.3.4.3 Staining 

The slides were stained using haematoxylin and eosin staining (H&E) and 

Alcian blue periodic acid-Schiff (PAS) staining.  

Protocol 

1) The microscope slide with the ALI sections were placed onto the slide 

holders 

2) The individual reagents were added to individual glass boxes and 

containers 

3) The slide holder was placed into the reagents in the glass boxes and 

containers for a time period as described below: 
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1) The insert was mounted by placing two drops of DPX Mountant onto 

the ALI section 

2) Coverslip was placed on top of the section and allowed to dry 

 

 

Reagents Time (Minutes) 

Xylene 5 

100% Ethanol 5 

100 % Ethanol 5 

95% Ethanol 5 

95% Ethanol 5 

Wash with H2O 2 

3% Acetic Acid 3 

Alcian Blue 30 

Wash with H2O 5 

0.5% Periodic Acid 10 

Wash with H2O 5 

Schiff Reagent 20 

Wash with H2O 10 

95% ethanol 5 

95% ethanol 5 

100% ethanol 5 

100% ethanol 5 

Xylene 5 

 

Table 5-15. Slide holder containing the microscope slide 

with ALI sections were placed in the reagents for a time 

period as stated below. 



 251 

5.3.5 Proteomic Methods 

The proteomic methods are detailed in this section. 

5.3.5.1 Flow Cytometry 

Flow cytometry is a proteomic technique that delivers rapid multi-parametric 

analysis of single cells639. Lasers act as light sources to produce fluorescent 

and scattered light signals which are read by detectors and converted into 

electronic signals639. Populations of cells can be analysed based on their light 

scattering and fluorescent properties639. Flow cytometry was used to measure 

the percentage of RSV-infected cells by detecting the green fluorescent protein 

(GFP). Using the protocol outlined on Chapter 2 Methods and Materials 

Section 2.3.3, iPSC cell line LOPCK were infected with RSV-A2 for 1 hour. 

Media was replaced with fresh media after 1 hour and the cell culture media 

was removed after 48 hours. The cells were fixed in PFA for 15 minutes and 

stored at -80℃ for flow cytometry. The ID7000TM Spectral Cell Analyzer was 

used for flow cytometry. Flow Cytometry Standard (FCS) files were exported 

from the ID7000, and the Kaluza software was used for analysis.  

5.3.6 Statistical Analysis  

5.3.6.1 Analysis of Variance 

To identify variance in the means between two or more groups, statistical tests 

were conducted. One-way ANOVA was conducted for analysis of variance 

between 3 or more groups. Repeated measures one-way ANOVA was used to 

compare variance in dependent variables. A two-way ANOVA was used when 

comparing variance between groups where there were two ways of classifying 

the data. ANOVA is applied to normally distributed data. Shapiro Wilk test was 

used to test whether the data was normally distributed. Tukey’s Post-hoc 

(multiple comparisons) test was used to examine the effect of each group on 

variation. GraphPad Prism 10 was used to carry out the statistical analysis.  
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5.4 Results 

5.4.1 LOPCK and REBL-PAT iPSCs Were Differentiated Into 

Stage 4 Bronchial Lung Progenitor Cells 

 

The differentiation protocol by Wong et al was used to differentiate the iPSC 

cell line LOPCK and REBL-PAT (n=3). Through the addition of growth factors 

at an optimum concentration in a carefully timed manner, the iPSCs were 

differentiated into stage 4 bronchial progenitor cells. iPSCs were passaged 

prior to differentiation using TrypLE and ROCK inhibitor. Initiation of stage 1 

involved culturing the iPSCs in RPMI media supplemented with ActA and Wnt. 

iPSCs were driven to stage 2 differentiation using Knock-Out DMEM media 

with FGF2 and SHH. To drive the cells to a lung cell fate, iPSCs were exposed 

to FGF7, FGF10, BMP4 and FGF18. The bronchial lung progenitor cells were 

expanded during stage 4 using Lonza BEBM media supplemented with 

FGF18. RT-qPCR was used to assay for markers at the end of each stage. 

Moreover, the markers were also assayed in submerged and ALI-differentiated 

HBECs. At the start of stage 1, the cells form colonies. Stage 1 LOPCK cells 

exhibited a petal-shape morphology with tight cell-to-cell contact being formed 

(Figure 5-4). Tight cell-to-cell contact is also observed in stage 1 REBL-PAT 

cells. As the cells proliferate, they form a monolayer at the end of stage 1. The 

morphology of LOPCK and REBL-PAT cells appeared as a monolayer during 

stage 2. Stage 3 cells displayed an epithelial monolayer appearance. At stage 

4, cuboidal morphology among cells was observed.  
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Figure 5-4. Images of LOPCK P38.1 and REBL-PAT P29.1 during 

Stage 1 Definitive Endoderm. A) LOPCK P38.1. B) REBL-PAT 

P29.1. iPSCs were cultured in RPMI media supplemented with Act 

and Wnt. Scale bar: 100 μm. n = 3. Petal shape morphology (white 

arrows) can be observed for both cell type at the end of stage 1. 

 

B) A) 
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A) B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5. Images of LOPCK P38.1 and REBL-PAT P29.1 

during Stage 2 Anterior Foregut Epithelium. A) LOPCK P38.1. 

B) REBL-PAT P29.1. Cells were cultured in RPMI media with 

FGF2 and SHH to induce the formation of stage 2 AFE. Scale bar: 

100 μm. n = 3.  Cells formed a monolayer during stage 2. 
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Figure 5-6. Images of LOPCK P38.1 and REBL-PAT P29.1 

during Stage 3a Bronchial Lung Progenitors. A) LOPCK 

P38.1. B) REBL-PAT P29.1. Cells were cultured in RPMI media 

with FGF7, FGF10 and BMP4. Scale bar: 100 μm. n = 3. 

A) B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 256 

A) B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. Images of LOPCK P38.1 and REBL-PAT P29.1 

during Stage 3b Bronchial Lung Progenitors. A) LOPCK 

P38.1. B) REBL-PAT P29.1. Cells were cultured in RPMI media 

with FGF7, FGF10 and FGF18. Scale bar: 100 μm. n = 3. 
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Figure 5-8. Images of LOPCK P38.1 and REBL-PAT P29.1 

during Stage 4 Expansion of Bronchial Lung Progenitors. A) 

LOPCK P38.1. B) REBL-PAT P29.1. Cells were cultured in RPMI 

media with BEGM media with FGF18. Scale bar: 100 μm. n = 3. 
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Figure 5-9. Images of LOPCK P38.1 and REBL-PAT P29.1 

during Stage 4 Expansion of Bronchial Lung Progenitors. A)  

LOPCK P38.1. B) REBL-PAT P29.1. Cells were cultured in RPMI 

media with BEGM media with FGF18. Scale bar: 100 μm. n = 3. 
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5.4.2 D195307 HBECs Were Differentiated Into Mucociliary 

Pseudostratified Epithelium  
 

To compare and contrast different models of the airway epithelium, HBEC-

derived ALI model was established. D195307 Passage 2 HBECs were first 

cultured in submerged conditions until reaching confluency. Using 

PneumaCultTM-ALI medium, HBECs were then sub-cultured onto porous-

membrane transwell in ALI conditions. On day 4 mucus pits were detected 

(Figure 5-10). Swirls of mucus were observed indicating the development of 

mucus-secreting goblet cells. The ALI-HBECS cultures also exhibited ciliated 

cells which suggests the development of pseudostratified epithelium with 

ciliated, basal and goblet cells. To measure the barrier integrity, TEER readings 

were conducted on day 7, 14 and 21. The TEER measurements increased as 

the days in ALI culture increased (Figure 5-13). This increase was determined 

to be statistically significant across the days using repeated measures one-

way ANOVA test (Day 7 vs Day 14 = p < 0.0001; Day 7 vs Day 21 = p < 0.0001; 

Day 14 vs Day 21 = p < 0.0001). Data was shown to be normally distributed 

using the Shapiro-Wilk test. This suggests the formation of tight junctions and 

increasing barrier integrity as the days in culture increased. 

A representative image of haemotoxylin and eosin (H&E) and alcian blue and 

periodic acid-Schiff (PAS) staining of HBEC ALI at day 21 is shown in figure 5-

14. The HBEC ALI transwell were fixed using formaldehyde and embedded in 

agarose prior to tissue processing. ALI sections were made and stained using 

haemotoxylin and eosin (H&E), and Alcian blue and periodic acid-Schiff (PAS) 

staining. The purplish-blue staining of the nuclei and pink staining of the 

extracellular matrix and cytoplasm was observed in sections stained with H&E 

staining (Figure 5-14 A-B). The light blue staining of the mucus was observed 

around the cells in sections stained with Alcian blue-PAS (Figure 5-14 C-D). 

This indicates that the HBECs were producing mucus.  
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Figure 5-10. Images of D195307 Passage 3 HBECs cultured at 

ALI. HBECs were first cultured in PneumaCultTM-Ex Plus Medium 

until confluency. HBECs were then seeded into transwell and cultured 

using PneumaCultTM-ALI medium. Scale bar: 500 μm. n = 3. 
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Figure 5-11. Images of D195307 Passage 3 HBECs cultured 

at ALI. HBECs were cultured in PneumaCultTM-Ex Plus 

Medium until confluency. HBECs were then seeded into 

transwell and cultured using PneumaCultTM-ALI medium. Scale 

bar: 500 μm. n = 3.  
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Figure 5-12. Images of D195307 Passage 3 HBECs cultured 

at ALI. HBECs were first cultured in PneumaCultTM-Ex Plus 

Medium until confluency. HBECs were then seeded into 

transwell and cultured using PneumaCultTM-ALI medium. Scale 

bar: 500 μm. n = 3.  
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Figure 5-13. Increase in TEER measurements as the number 

of days in culture increased. TEER recordings were taken on 

day 7, 14 and 21 using an epithelial Voltohmmeter to assess the 

changes in barrier integrity. Repeated measures one-way 

ANOVA was used to compare values across the days. The 

increase in TEER readings was statistically significant across the 

group (**** = p < 0.0001). Shapiro-Wilk normality test was used 

to determine that the data was normally distributed. Error bars: 

mean ± SD. n = 3. 
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Figure 5-14. H&E staining and alcian-blue PAS staining of ALI-HBECs. 

A-B) H&E. C-D: Alcian-blue PAS staining. The insert was fixed on day 21, 

embedded and stained using H&E (A-B) and haemotoxylin, alcian blue, 

periodic acid and Schiff reagent (C-D) and viewed using a microscope at 

10x lens. The boxes show the zoomed in images of the histology sections.  
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5.4.3 LOPCK and REBL-PAT iPSCs Were Unsuccessful in 

Forming a Mucociliary Pseudostratified Epithelium 

After stage 4 of differentiation, the bronchial progenitor cells are cultured on 

ALI transwell using Lonza B-ALI™ Bronchial Air-Liquid Interface Medium 

BulletKit™ for 5 weeks according to the Wong et al protocol. The Lonza B-

ALI™ media was used because the media was found to be the most 

reproducible for establishing ALI is iPSC cells by Wong et al610. However, the 

establishment of ALI was unsuccessful as the iPSC-derived bronchial lung 

progenitor cells failed to proliferate to form a monolayer (Figure 5-15B). The 

cultures were disintegrated and so the airway epithelium could not be formed. 

In contrast, ciliated cells can be identified in HBEC ALI cultures (Figure 5-15A). 

Mucus swirls and beating of the cilia could be observed under the microscope. 

This suggests the formation of a mature airway epithelium with ciliated and 

mucus-producing goblet cells. Therefore, HBEC-derived ALI culture was 

successfully differentiated into mature airway epithelium whereas iPSC-

derived ALI cultures were unable to do so.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-15. Comparison of HBEC-derived and iPSC-derived ALI 

cultures. A) HBEC-derived ALI culture where cilia can be identified. 

B) iPSC-derived ALI culture where cells failed to proliferate. n = 3. 
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5.4.4 Characterisation of LOPCK and REBL-PAT iPSCs at 

Different Stages of Differentiation 

LOPCK and REBL-PAT cells were characterised at the end of each stage of 

differentiation where they were assayed for the following markers using RT-

qPCR: FOXA2 (DE), SOX17 (DE), NKX2.1 (AFE), FOXJ1 (ciliated), KRT5 

(basal), and MUC5AC (goblet). To compare the changes across the different 

stages, ΔCt value which was normalised to 18S was used. Due to non-

detection of several markers at different stages of differentiation, Ct value for 

some markers could not be obtained and therefore fold gene expression 

across the different stages could not be calculated. This non-detection could 

be attributed to the amount of RNA used which was 50 ng/ml. This RNA 

quantity was due to the amount of iPSC cells that were available to be seeded 

into Transwell. Non-detects can indicate that the target was too low to be 

amplified therefore any low expression may be missed 640. The ΔCt value of 

FOXA2 was lower in LOPCK Stage 1 (ΔCt = 15.79), than in Stage 2 (ΔCt = 

16.40), Stage 3 (ΔCt = 18.14), and Stage 4 (ΔCt = 16.84) (Figure 5-16A). This 

was the case with REBL-PAT too where ΔCt was 12.03 for Stage 1 and 14.34 

and 13.46 for Stage 2 and 3 respectively (Figure 5-16B). This suggests that 

the expression of FOXA2 is higher in Stage 1 compared to the other stages. 

However, one-way ANOVA showed no significance in FOXA2 expression 

across the different stages of LOPCK and REBL-PAT differentiation. 

SOX17 was expressed during Stage 1 for both LOPCK (ΔCt = 19.81) and 

REBL-PAT (ΔCt = 16.56) suggesting formation of DE (Figure 5-17). SOX17 

was not detected in any other stages of LOPCK and REBL-PAT differentiation 

(Figure 5-17). LOPCK showed expression of NKX2.1 during Stage 2 (ΔCt = 

22.98) suggesting generation of AFE (Figure 5-18A). NKX2.1 was not detected 

in other stages of LOPCK and REBL-PAT differentiation (Figure 5-18). FOXJ1 

was expressed during Stage 1 (ΔCt = 22.64), Stage 2 (ΔCt = 20.37) and Stage 

3 (ΔCt = 19.30) of LOPCK differentiation (Figure 5-19A). In addition, FOXJ1 

was also in Stage 1 (ΔCt = 18.24), Stage 2 (ΔCt = 17.99), and Stage 3 (ΔCt = 

16.22) of REBL-PAT differentiation (Figure 5-19B). Since FOXJ1 is a marker 

of ciliated cells, this suggests that spontaneous differentiation may have 

possibly occurred. However, the changes in FOXJ1 expression across the 
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different stages was non-significant as determined by one-way ANOVA. KRT5 

and MUC5AC were not detected at any stage of LOPCK and REBL-PAT 

differentiation. FOXJ1 (ΔCt = 11.47), KRT5 (ΔCt = 12.19), and MUC5AC (ΔCt 

= 11.46) was detected in ALI-HBECs suggesting differentiation of HBECs into 

a pseudostratified airway epithelium complete with ciliated cells, basal and 

mucus-producing goblet cells. 
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Figure 5-16. Stage 1 cells showed lower ΔCT value normalised 

to 18S of FOXA2 in LOPCK and REBL-PAT cells demonstrating 

formation of DE. A) LOPCK. B) REBL-PAT. C) Submerged and ALI-

HBECs. One-way ANOVA with Tukey’s multiple comparison test 

showed no significance between ΔCT value at different stages of  

LOPCK and REBL-PAT differentiation. Error bars: mean ± SD. n = 3. 
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Figure 5-17. Stage 1 cells showed ΔCT value normalised to 

18S of SOX17 in LOPCK and REBL-PAT cells demonstrating 

formation of DE. A) LOPCK. B) REBL-PAT. C) Submerged and 

ALI-HBECs. Blank bars represents non-detection of the marker. 

Error bars: mean ± SD. n = 3 
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Figure 5-18. Stage 1 cells showed ΔCT value normalised to 

18S of NKX2.1 in LOPCK cells demonstrating formation of 

AFE. A) LOPCK. B)REBL-PAT. C) Submerged and ALI-HBECs. 

Blank bars represents non-detection of the marker. Error bars: 

mean ± SD. n = 3 
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Figure 5-19. ΔCT values normalised to 18S of FOXJ1 in 

iPSCs, submerged and ALI HBEC cultures. A) LOPCK. B) 

REBL-PAT. C) Submerged and ALI-HBECs. Two-way ANOVA 

test with Tukey’s multiple comparison test showed no 

significance for the marker across different stages of LOPCK 

and REBL-PAT differentiation. Error bars: mean ± SD. n = 3 



 272 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-20. ΔCT values normalised to 18S of KRT5 at 

different stages of iPSC differentiation, submerged and 

ALI HBEC cultures. A) LOPCK. B) REBL-PAT. C) Submerged 

and ALI-HBECs. Blank bars represents non-detection of the 

marker. Error bars: mean ± SD. Error bars: mean ± SD. n = 3 
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Figure 5-21. ΔCT values normalised to 18S of MUC5AC at 

different stages of iPSC differentiation, submerged and ALI 

HBEC cultures. A) LOPCK. B)REBL-PAT. C) Submerged and 

ALI-HBECs. Blank bars represents non-detection of the marker. 

Error bars: mean ± SD. n = 3 
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5.4.5 Investigating How Permissive iPSCs and HBECs Are To 

RSV-A2 At Various Stages Of Differentiation 

 

Host-virus interaction at each stage of differentiation was investigated to see 

how permissive the cells were to RSV-A2. Viral load was measured using RT-

qPCR. The changes in the expression levels of RSV receptor CX3CR1, 

interferons and restriction factors OAS1 were also studied across various 

stages in the presence and absence of RSV. LOPCK, REBL-PAT iPSCs and 

D195307 HBECs were infected with RSV A2 at an MOI of 10. The virus was 

removed after 1 hour incubation and replaced with fresh media. After 48 hours, 

cells were lysed and RNA extracted to measure gene expression levels using 

RT-qPCR. ΔCT values for RSV receptor CX3CR1 was lower in RSV-infected 

undifferentiated, Stage 1 and Stage 3 cells compared to non-infected 

undifferentiated, Stage 1 and Stage 3 LOPCK cells (Figure 5-22A). However, 

analysis using two-way ANOVA showed no significant differences between the 

non-infected and infected cells across the different stages. Whereas the ΔCT 

values were lower for CX3CR1 in RSV-infected submerged (ΔCT = 11.66) and 

ALI-HBECs (ΔCT = 10.11) compared to non-infected submerged (ΔCT = 

13.69) and ALI-HBECs (ΔCT = 12.40) (Figure 5-22C). This suggests that RSV 

infection can lead to higher expression of CX3CR1 in submerged and ALI-

HBECs. This relationship was found to be statistically significant (p ≤ 0.05).  

Upon RSV infection, IFNβ was expressed in submerged (ΔCT = 14.21) and 

ALI-HBECs (ΔCT = 11.29) (Figure 5-23C). IFNƛ was also expressed in RSV-

infected submerged HBECs (ΔCT = 16.72) (Figure 5-24C). Statistical test 

could not be carried out for IFNβ and IFNƛ in submerged and ALI-HBECs due 

to non-detection of the markers in the non-infected submerged and ALI-

HBECs. The ΔCT values were lower for OAS1 in RSV-infected submerged 

(ΔCT = 9.71) and ALI-HBECs (ΔCT = 9.56) compared to non-infected 

submerged (ΔCT  = 11.54) and ALI-HBECs (ΔCT = 11.38) (Figure 5-25C). This 

suggests that expression of OAS1 increased during RSV infection in 

submerged and ALI-HBECs. This relationship was found to be statistically 

significant (p ≤ 0.05). RSV-A2 was not detected in any stages of LOPCK, 

REBL-PAT differentiation, and in submerged or ALI-HBECs (Figure 5-26). 
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However, the detection of interferon response and OAS1 following RSV 

infection in submerged and ALI HBEC suggest that the cells may have been 

infected but the viral load of RSV-A2 is too low for detection. The expression 

of CX3CR1, IFNβ and OAS1 varied between non-infected and infected LOPCK 

and REBL-PAT cells. Analysis using two-way ANOVA for comparison across 

groups showed no significance in LOPCK and REBL-PAT cells. This suggests 

that the change in the expression of markers is likely not due to RSV infection.  
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Figure 5-22. ΔCT values normalised to 18S of CX3CR1 in non-

infected and RSV infected iPSC and HBEC cultures. A) 

LOPCK. B) REBL-PAT. C) Submerged and ALI-HBECs. Cells were 

infected with RSV MOI of 10 for 1 hour and lysed after 48 hours 

for RT-qPCR. Two-way ANOVA with Tukey’s multiple comparison 

test was used to compare values across group. * = p ≤ 0.05. Error 

bars: mean ± SD.  n = 3 
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Figure 5-23. ΔCT values normalised to 18S of IFNβ in non-

infected and RSV infected iPSC and HBEC cultures. A) 

LOPCK. B) REBL-PAT. C) Submerged and ALI-HBECs. Cells 

were infected with RSV MOI of 10 for 1 hour and lysed after 48 

hours for RT-qPCR. Two-way ANOVA test with Tukey’s multiple 

comparison test showed no significance in values across group. 

Error bars: mean ± SD.  n = 3 
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Figure 5-24. ΔCT values normalised to 18S of IFNƛ  in non-

infected and RSV infected iPSC and HBEC cultures. A) 

LOPCK. B) REBL-PAT. C) Submerged and ALI-HBECs. Cells 

were infected with RSV MOI of 10 for 1 hour. After 48 hours, 

cells were lysed for RT-qPCR.  Blank bars represents non-

detection of the marker. n = 3 
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Figure 5-25. ΔCT values normalised to 18S of OAS1 in non-

infected and RSV infected iPSC and HBEC cultures. A) 

LOPCK. B) REBL-PAT. C) Submerged and ALI-HBECs. Cells 

were infected with RSV MOI of 10 for 1 hour and lysed after 48 

hours for RT-qPCR. Two-way ANOVA test with Tukey’s multiple 

comparison test was used to compare values across group. * = 

p ≤ 0.05. Error bars: mean ± SD.  n = 3 
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Figure 5-26. ΔCT values normalised to 18S of RSV-A2 in 

non-infected and RSV infected iPSC and HBEC cultures. 

A) LOPCK. B) REBL-PAT. C) Submerged and ALI-HBECs. 

Cells were infected with RSV MOI for 1 hour and lysed after 

48 hours for RT-qPCR. Blank bars represents non-detection 

of the marker. n = 3.  
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To further investigate how permissive iPSCs are at different stages of 

differentiation, flow cytometry was utilised in preliminary experiments to the 

number of RSV-infected cells. LOPCK cells were infected with RSV-A2 at an 

MOI of 10. The RSV virus was tagged with green fluorescent protein (GFP). 

Following incubation with RSV A2 for 1 hour, virus was removed, and fresh 

media was added. The cells were detached and fixed in PFA after 48 hours. 

Flow cytometry was used to measure the percentage of infection between 

infected and non-infected cells. The mean percentage of GFP cells were 

similar between non-infected and infected undifferentiated and stage 1 DE 

cells.  The mean percentage of GFP-positive cells was higher in RSV-infected 

stage 2 cells (0.03%) in comparison to non-infected stage 2 cells (9.23%) 

(Figure 5-29). This increase in similarity was echoed in RSV-infected stage 3 

cells. There was a bigger increase in GFP-positive cells in RSV-infected stage 

4 cells (44.51%) compared to non-infected stage 4 cells (2.75%) (Figure 5-29) 

These results suggest that LOPCK cells become more permissive as the 

stages of differentiation progresses. A two-way ANOVA test with Tukey’s 

multiple comparison test was used to compare values across groups (Table 5-

16). The changes in the mean percentage of GFP cells between each stage of 

differentiation and their infected counterpart was found to be statistically 

significant.  
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Figure 5-27. Flow cytometry of non-infected and RSV-GFP 

infected LOPCK cells at undifferentiated stage and stages 1 

and 2 of differentiation. A) Undifferentiated. B) Stage 1 Definitive 

Endoderm. C) Stage 2 Anterior Foregut Epithelium. Cells were 

infected with RSV-GFP at MOI of 10 for 1 hour. After 48 hours, cells 

were fixed in PFA, and flow cytometry was conducted.  n = 3. 
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Figure 5-28. Flow cytometry of non-infected and RSV-GFP 

infected LOPCK cells at stages 3 and 4 of differentiation. A) 

Stage 3 Bronchial Progenitors. B) Stage 4 Expansion of Bronchial 

Progenitors. Cells were infected with RSV-GFP at MOI of 10 for 1 

hour. After 48 hours, cells were fixed in PFA, and flow cytometry 

was conducted. n = 3. 
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Figure 5-29. Percentage of GFP-positive cells within non-

infected and RSV-GFP infected LOPCK cells. A) Non-infected 

LOPCK cells. B) Infected LOPCK cells. Cells were infected with 

RSV-GFP at MOI of 10 for 1 hour. After 48 hours, cells were fixed 

in PFA, and flow cytometry was conducted. Two-way ANOVA test 

with Tukey’s multiple comparison test was used to compare 

values across group which is shown in table 16. * = p ≤ 0.05. 

Error bars: mean ± SD.  n = 3.  
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 Adjusted  
p-value 
 

Undifferentiated:Non-
infected vs. Undifferentiated:Infected 
 

0.0272 
 

Undifferentiated:Non-infected vs. Stage 4:Non-
infected 
 

0.009 
 

Undifferentiated:Non-
infected vs. Stage 4:Infected 
 

0.0003 
 

Undifferentiated:Infected vs. Stage 4:Infected 
 

0.009 
 

Stage 1:Non-infected vs. Stage 1:Infected 
 

0.0272 
 

Stage 1:Non-infected vs. Stage 4:Non-infected 
 

0.0054 
 

Stage 1:Non-infected vs. Stage 4:Infected 
 

0.0002 
 

Stage 1:Infected vs. Stage 4:Infected 
 

0.0054 
 

Stage 2:Non-infected vs. Stage 2:Infected 
 

0.0272 
 

Stage 2:Non-infected vs. Stage 4:Non-infected 
 

0.0397 
 

Stage 2:Non-infected vs. Stage 4:Infected 
 

0.0013 
 

Stage 2:Infected vs. Stage 4:Infected 
 

0.0397 
 

Stage 3:Non-infected vs. Stage 3:Infected 
 

0.0272 
 

Stage 3:Non-infected vs. Stage 4:Infected 
 

0.0023 
 

Stage 4:Non-infected vs. Stage 4:Infected 
 

0.0272 
 

 

Table 5-16. Table of multiple comparison between different 

groups which showed significance when LOPCK cells were 

infected with RSV-GFP. Two-way ANOVA test with Tukey’s 

multiple comparison test was used to compare values across 

groups. 



 286 

5.4.6 Comparison Between The Way Human Epithelial Cells 

Respond To RV, RSV and SARS-CoV-2 Infections in ALI-HBECs 

Model of the Airway Epithelium 

 

Using publicly available data, the similarities and differences between the way 

human epithelial cells respond to RV, RSV and SARA-CoV-2 infections in ALI-

HBECs were examined. A study by Bai et al was used to obtained differently 

expressed genes in response to 24-hour RV infection of ALI-HBECs641. For 

RSV, a study by Anderson et al was used to attain differently expressed genes 

in response to 4-day RSV infection of ALI-HBECs and Vaid et al for 4-day 

SARS-CoV-2 infection of ALI-HBECs642,643. 210, 2 and 2 significantly 

upregulated genes were found to overlap between RV/RSV, RV/SARS-CoV-2 

and RSV/SARS-CoV-2 respectively (Figure 5-30A). 10 upregulated genes 

were found to be common between all three viruses. Majority of the 

overlapping genes between the three viruses encodes for proteins that are 

involved in immune regulation or defences against viral infection. These 

include the chemokines CCL5, C-X-C motif chemokine ligand 10 (CXCL10) 

and C-X-C motif chemokine 11 (CXCL11), mediator of anti-viral immunity 

oligoadenylate synthetase-Like (OASL)644, sensor of dsDNA and RNA Z-DNA 

binding protein 1 (ZBP1)645, regulators of cytokine signalling the suppressor of 

cytokine signaling 1 (SOCS1)646, and a key player of anti-viral host defence 

apolipoprotein B MRNA editing enzyme catalytic subunit 3A (APOBEC3A)647. 

Zinc finger protein 36 homolog (ZFP36) which is involved in regulation of T-cell 

activation, was found to be unique for RV. Interferon alpha inducible protein 27 

(IFI27) and NLR family pyrin domain containing 10 (NLRP10), which is 

involved in apoptosis and immune regulation, were unique for RSV and SARS-

CoV-2 respectively648. For downregulated genes, 16, 362 and 17 genes were 

RV/RSV, RV/SARS-CoV-2 and RSV/SARS-CoV-2 respectively (Figure 5-30B). 

Whereas 22 significantly downregulated genes were common for all three 

viruses. These include tubulin tyrosine ligase Like 7 (TTLL7) which is involved 

in β-tubulin polyglutamylation649, DSTYK which encodes a dual 

serine/threonine and tyrosine kinase650, and solute carrier family 23 member 2 
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(SLC23A2) which is implicated in transportation of vitamin C651. For 

downregulated genes unique to the viruses, negative elongation factor 

complex member C/D NELFCD/TH1L which regulates pausing and 

transcription elongation of RNA polymerase II was unique to RV652. Asporin 

(ASPN), which encodes for extracellular matrix protein and is implicated in 

osteoarthritis and cancer was found to be unique for RSV653. Solute carrier 

family 34 member (SLC34A) transporter family of proteins-encoding gene 

SLC34A3 was unique for SARS-CoV-2654. 

 

 

 

 

 

 

 

 

  

Figure 5-30. Venn diagram of overlapping genes between 

RV, RSV and SARS-CoV-2. A) Upregulated. B) Downregulated. 

10 upregulated genes and 22 downregulated genes were 

common between the three viruses.  

A) 

B) 
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The aforementioned studies employed Gene Ontology (GO) Biological 

Process to conduct pathway analysis of upregulated genes. 253, 58 and 137 

pathways were common for RV/RSV, RV/SARS-CoV-2 and RSV/SARS-CoV-

2 respectively (Figure 5-31A). 187 pathways enriched for upregulated genes 

were found to be common between the three viruses. Pathways involving 

immune system such as regulation of innate immune response, positive 

regulation of defence response, positive regulation of cytokine production, 

regulation of chemokine production, regulation of type I interferon production, 

and positive regulation of lymphocyte activation were found to overlap between 

RV/RSV/SARS-CoV-2. Pathways implicating viral infection were also common 

for the three viruses. These include positive regulation of defence response to 

virus by host, regulation of defence response to virus, defence response to 

virus, regulation of viral entry into host cell, and cellular response to virus. 

Regulation of intracellular signal transductions was one of the pathways 

enriched for upregulated genes that was unique to RV. Regulation of cellular 

catabolic process was unique to RSV whereas calcium ion transport was 

unique to SARS-CoV-2.  

Pathway analysis of downregulated genes revealed 84 common pathways for 

RSV/SARS-CoV-2 (Figure 5-31B). Moreover, 26 pathways were found to 

overlap between the three viruses. Pathways involving cilia such as cilium 

assembly, cilium organization, and protein localization to cilium were enriched 

for downregulated genes for all three viruses. Furthermore, pathways 

implicating the cytoskeleton such as microtubule-based movement, 

microtubule-based process, cytoskeleton-dependent intracellular transport, 

microtubule-based transport, microtubule cytoskeleton organization, and 

cytoskeleton organization were also common between the three viruses. There 

was zero pathways enriched for downregulated genes between RV/RSV and 

RV/SARS-CoV-2. Furthermore, there was zero pathways enriched for 

downregulated genes that were unique for RSV and SARS-CoV-2. Pathways 

unique to RV included cellular component organization and cellular component 

biogenesis. 
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Figure 5-31. Venn diagram of overlapping pathways between 

RV, RSV and SARS-CoV-2. A) Pathways enriched for 

upregulated genes. B) Pathways enriched for downregulated 

genes. 187 upregulated pathways and 26 downregulated 

pathways were common between the three viruses.  

A) 

B) 
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Comparative analysis between Chapter 4 prolonged RV-A16 dataset and the 

published dataset by Bai et al was conducted. Bai et al utilised ALI to generate 

a differentiated mucociliary model of the bronchial airway epithelium. Whereas 

the Chapter 4 prolonged RV-A16 dataset employed submerged cultures of 

HBECs. 92 upregulated genes were common between the two dataset (Figure 

5-32A). Moreover, 2306 and 365 upregulated genes were unique to Chapter 4 

dataset and Bai et al dataset respectively. Genes encoding anti-viral restriction 

factors such as interferon-induced transmembrane protein 2 (IFITM2), OASL, 

OAS1 and OAS3 were common between the two dataset. IFITM2 is able to 

block early stages of viral replication655. Whereas OAS1 and OAS3 possess 

2′-5′-oligoadenylate synthetase activity to degrade viral and cellular RNA to 

hinder viral replication518. Moreover, OASL mediates anti-viral innate immunity 

enhancing immunity to overcome viral evasion656. Genes implicated in a 

diverse range of function were found to be unique to the two dataset. These 

include genes implicated in cell cycle regulation (HORMAD1), calcium ion 

binding (CER1), and protein homodimerisation (GSTM1) which were unique to 

Chapter 4 dataset518. Whereas genes implicated in RNA degradation such as 

5′-3′ exoribonuclease 1 (XRN1) were unique to Bai et al dataset657. 

160 downregulated genes were common between the two datasets (Figure 5-

32B). Lysine demethylase 5B (KDM5B), which is involved in the regulation of 

cell differentiation, was one of the overlapping gene658. Another overlapping 

genes, deleted in azoospermia-associated protein 2 (DAZAP2), is implicated 

in DNA damage-induced p53 response. 1969 and 867 downregulated genes 

were found to be common between the two dataset659. Cyclase-associated 

protein 1 (CAP1), which mediates the dynamics of the actin cytoskeleton, was 

found to be unique to Chapter 4 dataset660. Whereas one of the downregulated 

genes unique to Bai et al dataset is ceramide kinase (CERK). CERK is involved 

in the catalysis of ceramide conversion to ceramide 1-phosphate661. 
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Figure 5-32. Venn diagram of overlapping genes Chapter 4 

Prolonged RV-A16 dataset and published Bai et al dataset A) 

Upregulated. B) Downregulated. 92 upregulated genes and 160 

downregulated genes were common between the two dataset.  
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Chapter 4 prolonged RSV-A2 dataset were compared with published dataset 

by Anderson et al. Similar to Bai et al, Anderson et al used ALI-HBEC model 

of the bronchial airway epithelium. 4998 were unique to Chapter 4 prolonged 

RSV-A2 dataset whereas 503 upregulated genes were unique to Anderson et 

al dataset (Figure 5-33A). 55 upregulated genes which are involved in wide 

range of functions were found to overlap between the two dataset. These 

include genes involved in antigen processing and presentation (HLA-

DRB1)518, neutrophil migration (intercellular adhesion molecule 2; ICAM2)662, 

and purine nucleotide homeostasis (guanosine 5'-monophosphate reductase; 

GMPR)663. Upregulated genes unique to Chapter 4 prolonged RSV-A2 dataset 

include NEFM which is involved in cytoskeleton structure, ZIC5 which 

mediates DNA-binding transcription factor activity, and ABCB1 which is 

implicated in ATPase-coupled transmembrane transporter activity518. In 

contrast, upregulated genes unique to Anderson et al dataset include 

cytidine/uridine monophosphate kinase 2 (CMPK2) which facilitates 

phosphorylation of nucleotides664, and bone marrow stromal antigen 2 (BST2) 

which is involved in hematopoietic stem cell activation665.  

72 downregulated gene were common between the two datsets (Figure 5-

33B). Vacuolar protein sorting 41 (VPS41), which has an important role in the 

trafficking of lysosomal membrane proteins, is one of the overlapping 

downregulated genes518. AGO1 is another overlapping downregulated gene. 

Argonaute RISC component 1 (AGO1) is involved in microRNA-induced 

silencing complex666. In contrast, 6059 and 136 downregulated genes were 

unique for Chapter 4 prolonged RSV-A2 dataset and Anderson et al dataset. 

IPO7, which is involved in chronic inflammatory process of dental pulp, was 

one of the genes unique  to Chapter 4 dataset667. Whereas secreted frizzled-

related protein 4 (SFRP4), with roles in embryonic development, is unique to 

Anderson et al dataset668. It is important to note that utilising data from different 

labs which employ different experimental methodology is a limitation to the 

analysis. Nevertheless  comparative analysis between published RV, RSV and 

SARS-CoV-2 dataset, and between Chapter 4 dataset gives insight into 

overlapping and unique genes and pathways furthering our understanding of 

host-virus interactions. 
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Figure 5-33. Venn diagram of overlapping genes Chapter 4 

Prolonged RSV-A2 dataset and published Anderson et al 

dataset A) Upregulated. B) Downregulated. 55 upregulated genes 

and 72 downregulated genes were common between the two 

dataset.  

A) 

B) 
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5.5 Discussion 

The main aims of the Chapter was to develop iPSC models of the airway 

epithelium and compare it to the ALI-HBEC model to investigate host-RSV 

interactions. To achieve these aims I utilised the Wong et al protocol to 

differentiate the iPSC cell line LOPCK and REBL-PAT into lung progenitors 

and mature airway epithelium. The differentiation of cells across the different 

stages was characterised by assaying for FOXA2 (Stage 1), SOX17 (Stage 1), 

NKX2.1 (Stage 2), FOXJ1 (Stage 3-4), KRT5 (Stage 3-4) and MUC5AC (Stage 

3-4). DE and AFE were established in LOPCK cells whereas only DE was 

generated in REBL-PAT cells. This suggests that the LOPCK cell line may be 

better for reproducing Wong et al’s protocol. However both LOPCK and REBL-

PAT were unsuccessful in differentiating into a mature airway epithelium 

whereas HBECs were successfully differentiated into mucociliary airway 

epithelium. This suggests issues with reproducibility of Wong et al’s protocol if 

different cell lines.  

To investigate host-virus interactions, the utility of the model to study RSV 

infection was examined by assessing how permissive the iPSCs are, and by 

examining the changes in the expression of RSV receptor CX3CR1, interferon 

responses, and restriction factors OAS1 across key stages. RSV-A2 infection 

led to statistically significant elevation of CX3CR1 receptor and the OAS1 

restriction factor. IFNβ response was detected in submerged and ALI-HBECs 

following RSV-A2 infection. Whereas IFNƛ was detected in submerged HBECs 

upon RSV-A2 infection. The detection of CX3CR1, IFNβ and OAS1 varied 

between non-infected and infected LOPCK and REBL-PAT cells in different 

stages of differentiation. However, this was found to be statistically insignificant 

suggesting RSV-A2 infection doesn’t influence the expression of the receptor 

and interferon response in LOPCK and REBL-PAT cells. Preliminary 

experiments were conducted where LOPCK cells were investigated to see how 

permissive they were to RSV-A2 GFP by using flow cytometry to detect the 

mean percentage of GFP positive cells. Although the mean percentage of GFP 

positive cells increased as the stages of LOPCK differentiation increased, care 

must be taken when interpreting the results as the increase in GFP could be 

due to autofluorescence.  
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The expression of FOXA2 and SOX17 suggested the formation of DE in 

LOPCK and REBL-PAT cells. FOXA2 is a master regulator for the formation of 

DE669. In addition, development of organs of endodermal origin such as lungs, 

pancreas, and liver requires FOXA2670. Whereas SOX17 is a key transcription 

factor for DE specification and is used to confirm DE identity671. NKX2.1 

expression in LOPCK suggested the generation of AFE. During embryonic 

lung development, NKX2.1 is involved in the differentiation of respiratory 

epithelial cells, lung morphogenesis and transcription of surfactant proteins 

SP-A, SP-B and SP-C, and secretary proteins from club cells672. However, 

NKX2.1 was not detected during Stage 2 in REBL-PAT cells. This suggests 

that the protocol by Wong et al could be more replicable in LOPCK cells than 

REBL-PAT cells.  

The ciliated marker FOXJ1 was detected in Stage 1, 2 and 3 of LOPCK and 

REBL-PAT differentiation. This suggests that spontaneous differentiation may 

have occurred. Spontaneous differentiation can occur when cells located along 

the rim of the cell colony lack cell-to-cell contact at one open end, which could 

trigger uneven segregation during mitosis673. Furthermore, various somatic 

cells that are used to generate the  iPSC clones have a variety of genetic and 

epigenetic profile673. This can influence the differentiation potential of the 

cells674. The expression of FOXJ1, KRT5 and MUC5AC in ALI-HBECs 

suggests that HBEC ALIs have differentiated into airway epithelium complete 

with basal, ciliated cells, and mucus-producing goblet cells. In contrast, the 

non-detection of  FOXJ1, KRT5 and MUC5AC in stage 3 and 4 LOPCK and 

REBL-PAT cells indicates the undifferentiated state of these cells. This 

suggests that the ability to form specialised cells may be hindered by the 

immaturity of the cells. Surprisingly KRT5 was not detected in submerged 

HBECs. Keratin 5, a marker for basal cell airway progenitors, forms parallel 

coiled-coil heterodimers and assembles into a dynamic cytoskeleton to offer 

strength and flexibility to basal keratinocytes675. This could be due to low 

concentration of RNA used for RT-qPCR.  
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HBECs were successfully differentiated into pseudostratified epithelium with 

basal, ciliated and mucus producing goblet cells. The TEER readings 

increased as the days in ALI culture increased. Culturing cells for a longer time 

results in HBECs developing better tight junctions and stronger barrier integrity. 

Observation of mucus swirls and ciliated cells suggests that the HBECs had 

differentiated into a mucociliary layer. Nucleus, extracellular matrix and 

cytoplasm was visualised using H&E staining the mucus using Alcian-blue PAS 

staining. Haemotoxylin is a basic dye with an affinity for negatively charged 

structures such as DNA676. This gives a blue or basophilic appearance to the 

nucleus. Whereas eosin is an acidic dye which binds to positively charged 

structures such as cytoplasm to present a pink or eosinophilic appearance676. 

A catatonic dye, Alcian blue binds to negatively charged macromolecules such 

as mucopolysaccharides677.  

The attempt to differentiate and mature iPSCs into airway epithelium to 

investigate host-virus interaction was unsuccessful. One of the reasons for this 

could be due to the cell line. As one of the objectives was to replicate the 

protocol by Wong et al in different cell lines, LOPCK and REBL-PAT were used. 

The protocol by Wong et al was optimised for embryonic stem cell (ESC) line 

CA1610. Although the same genomic sequence is shared by somatic cells of 

an organism, subsequent generation of cells can obtain differential gene 

expression patterns after development from a single-cell zygote678. Through 

epigenetic modification, the cell specification process is reversed after somatic 

cells are reprogrammed to a pluripotent state678. This leads to re-establishment 

of the embryonic methylome and erasure of tissue-specific DNA 

methylation678. However, a study by Ghosh et al found that iPSCs can retain 

residual patterns of gene expression of their somatic cell type of origin. This 

epigenetic memory can lead to variation in differentiation capacity of different 

cell lines679. Whereas Carcamo-Orive et al reported that transcriptional 

variation between donors can influence the ability of cell lines to differentiate 

into specific cell types680. This can influence the capacity of the cells to respond 

to specific cell culture conditions681. Although a powerful tool with a wide range 

of applications, the differences between cell lines are limiting as differentiation 

protocols appear to work efficiently only in specific iPSC lines. Furthermore, 
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this means that replicating results and integrating data across different 

research groups remain challenging682. Another reason for the unsuccessful 

differentiation of the iPSCs into mature airway epithelium could be due to the 

quality of the reagents. Lot-to-lot variability could lead to reagents displaying 

variation in performance characteristics such as altered binding affinity, purity 

and specificity. This can hinder the quality of the reagents and potentially affect 

the differentiation capacity of the iPSC. Reagent quality could be tested by 

differentiating a small number of samples using different lots simultaneously to 

assess whether quality of the reagents is affecting the differentiation.  

The iPSC and HBEC-derived models were developed and optimised to 

investigate host-virus interactions. One of the objectives was to assess 

whether LOPCK and REBL-PAT cells were permissive to RSV-A2 infection at 

different stages of differentiation and to compare them with submerged and 

HBEC ALIs. RSV-A2 was not detected by RT-qPCR in the virus-infected 

LOPCK and REBL-PAT cells. There was variation in changes of CX3CR1, 

IFNβ, and OAS1 between non-infected and infected LOPCK and REBL-PAT 

cells. However, comparison across groups using two-way ANOVA suggested 

no significant differences. This suggests that RSV-A2 may not influence the 

expression of CX3CR1, IFNβ, and OAS1 in LOPCK and REBL-PAT cells. 

Although RSV-A2 was not detected in submerged or HBEC ALIs, the detection 

of interferon response and OAS1 suggest that the cells may have been 

infected by the viruses, but the viral load is too low for detection. IFNβ was 

detected in submerged and HBEC ALIs following RSV-A2 infection. This is in 

line with literature as a study by Gortizka et al found that type I IFN production 

during RSV infection induces an anti-viral state whilst promoting pro-

inflammatory response in the respiratory tract683.  

Following RSV-A2 infection, the expression of CX3CR1 and OAS1 was 

significantly elevated in submerged and HBEC ALIs. This is in line with 

literature as a study by Jeong et al found that CX3CR1 co-localises with RSV 

in a G protein-dependent manner in airway epithelium cells684. Upon infection, 

CX3CR1 binds to the conserved CX3C motif on the ectodomain RSV 

attachment G protein685. The interaction between RSV G protein and CX3CR1 

is important in infection-induced responses of the airway epithelium including 
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production of cytokines such as IL8 and RANTES686. Upon viral infection, 

OAS1 is upregulated by IFNβ and IFNƛ  687. OAS1 recognises and binds to 

viral dsRNA which stimulates the dimerization and activation of latent 

endoribonuclease L (RNase L)324. Following the binding of 2-5A and RNase L 

activation, the resulting viral and cellular RNA is degraded, and translation is 

inhibited688. The upregulation of OAS1 expression following RSV infection is 

submerged and HBEC ALIs suggests that OAS1 could potentially be used as 

a biomarker and/or therapeutic target for RSV infection. 

Preliminary experiments were conducted in LOPCK cells where flow cytometry 

was employed to identify the percentage of RSV-infected cells by detecting 

GFP tagged to RSV-A2. The results showed that the percentage of GFP-

positive cells increased as the stages of LOPCK iPSC differentiation 

progressed suggesting that the cells become more permissive as stages 

increase. The changes in the mean percentage of GFP cells between each 

stage of LOPCK differentiation and their infected counterpart was also found 

to be statistically significant. However care must be taken when interpreting 

results as although GFP was detected using flow cytometry, fluorescence was 

not observed using a microscope. This could potentially be attributed to the 

high sensitivity of flow cytometry in detecting fluorescence674. Whereas on the 

other hand, the increase in GFP detection could be due to autofluorescence689. 

It is important to consider that since green fluorescence was not seen under 

the microscope when cell lines were infected with RSV GFP, it is possible that 

fluorescence is not there and so the flow cytometry results may be false-

positive. Due to time constraints, further investigation could not be carried out. 

The results should be considered preliminary and further studies are 

necessary for further validation before any meaningful conclusions can be 

made.  

The strengths of the Chapter include using two different iPSC cell lines to 

reproduce the Wong et al protocol. This allows comparison of which iPSC cell 

is better for replicating the protocol. Reproducibility of iPSC protocols remains 

an issue. Differences between donor individuals can influence cellular traits of 

iPSCs such as pluripotency, differentiation, mRNA, DNA methylation and cell 

morphology690. This can lead to high variability in the differentiation potential 
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and the genetic stability between different iPSC cell lines691. Substantial 

experimental heterogeneity is an issue as attempts at experimental replication 

can be hindered by variation in derived differentiated cells690. Small variations 

in each step of the multi-step iPSC culture and differentiation protocol can 

accumulate and result in significantly different outcomes692. Rigorous quality 

control measures are imperative to standardise iPSC protocols to ensure that 

they are reproducible and meaningful690. Therefore it is important to replicate 

iPSC protocols in different iPSC cells. Another strength of the Chapter is the 

comparison of iPSC and ALI HBEC models. ALI HBEC models remain the gold 

standard for modelling the bronchial airway epithelium10. However, limitations 

of the model have led to the exploration of alternative models of the bronchial 

airway epithelium. Therefore comparing and contrasting the two models and 

using them to study RSV-A2 infection remains a strength of the Chapter. 

Limitations of the Chapter include the need for purification strategies during 

the iPSC differentiation. The protocol by Wong et al was chosen for 

differentiation as it utilised the use of ALI technique to differentiate the iPSCs 

into mature bronchial airway epithelium. However, the protocol doesn’t have 

methods to purify the cells at each stage of the differentiation. Therefore the 

iPSC cultures may potentially have mixed populations of non-lung cells. 

Through purification, cells expressing certain markers can be isolated from a 

mixed population of cells693. One strategy is the use of Fluorescence-Activated 

Cell Sorting (FACS) where antibodies targeting a specific cell surface protein 

is used to isolate cells693. Another promising strategy is Magnetic-Activated 

Cell Sorting (MACS) to collect antigen-positive target cells694. A study by 

Tsujisaka et al developed a purification technique which combined MACS and 

microRNA switch694. This technique separates and sorts target cells from 

heterogeneous cell populations through the use of flow cytometer694. Another 

limitation is that non-lung markers were not assayed due to time constraints. 

Assaying for non-lung markers can help assess whether the iPSCs are 

differentiating into different lineages such as pancreas or the thyroid. Therefore 

for future experiments a wide range of panel of markers should be used and 

cells be purified using the aforementioned purified techniques. Alternatively 
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RNA-seq could be used to measure the changes in gene expression levels 

across different stages of the differentiation.  

Overall, LOPCK and REBL-PAT were differentiated into immature lung cells 

using Wong et al protocol. Although they were not able to form a mature 

pseudostratified epithelium, they nevertheless were valuable in investigating 

host-RSV-A2 interaction at different stages of differentiation. iPSC provides 

great promise for advancing the field of regenerative medicine. Furthermore, 

understanding the variability in iPSC protocol will enable strategies to be 

proposed to improve reproducibility of the protocols. iPSCs provide a great 

promise for advancing the field of regenerative medicine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 301 

6.0 General Discussion 
 

6.1 Aims and Objectives 

The overall aim of this thesis was to gain greater understanding of host-virus 

interactions by using a genetic and transcriptomic- driven approach and 

applying this to cell biology techniques. One of the main hypotheses and aims 

were that genomics will allow us to understand host-virus interactions. 

Pathogenic viruses utilise host factors to disarm the host immune response to 

enable survival695. Genomic approaches to examine host-virus interactions 

have been increasingly employed to identify mechanisms underlying 

pathogenesis of viruses. Several studies investigating RV, RSV and SARS-

CoV-2 infection have identified genetic signals associated with disease 

susceptibility and severity. However, it remains challenging to accurately 

pinpoint causal variants and the genes even if the locus has been identified370. 

Therefore, accurate determination of the causal genes from genetic signals is 

important370. I hypothesised that by translating genetic signals associated with 

RV, RSV and SARS-CoV-2 susceptibility and disease severity using a signal-

to-gene pipeline, candidate causal genes can be identified and insight into 

pathways relevant to the viruses can be gained through downstream analysis. 

In addition, I aimed to identify upstream regulators associated with the three 

viruses to help uncover molecular events that may drive downstream changes. 

Genetic-driven approach has also been increasingly used to identify molecules 

as suitable biological targets for drug development493. Therefore, I aimed to 

identify potential druggable targets to enable the development of novel 

therapeutics by interrogating datasets.  

Another aim of the thesis was to use transcriptomics to further understand 

host-virus interactions. Transcriptomics has been revolutionary in the field of 

respiratory medicine and has strengthened our understanding of host-virus 

interactions. RNA-seq has been utilised to profile the nasal airway epithelium, 

the airway and blood monocytes following influenza, hMPV and hRSV infection 

to reveal downregulation in cilium-related gene expression499. Moreover, the 

airway and blood monocyte transcriptome of individuals with severe RSV 

infection has been profiled by Chappin et al to identify differentially expressed 
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genes503. Although several studies have investigated the influence of acute 

respiratory viral infection on the host, little was known about prolonged 

infection. Therefore, I aimed to identify differentially expressed genes in 

response to prolonged RSV-A2 and RV-A16 infection through the use of RNA-

Seq. Downstream analysis on the differentially expressed genes  was 

conducted to identify and compare pathways and upstream regulators 

between the two viruses. I also aimed to investigate whether the viral gene 

signatures obtained from transcriptome profiling could provide support for 

genes identified from the signal-to-gene association analysis.  

One of the aims of the thesis was to differentiate the iPSC cell lines LOPCK 

and REBL-PAT into lung progenitors and the mature airway epithelium using 

the Wong et al protocol and to compare and contrast them with ALI-HBEC 

model of the airway epithelium. Although ALI-HBEC model is the gold standard 

method for modelling the airway epithelium due to its ability to recapitulate the 

pseudostratified mucociliary epithelium, limitations such as finite supply of cells 

and the invasive nature used to extract cells has led to the development of 

alternative methods10,594. The unlimited capacity of expansion of iPSCs and 

the amenable nature for genetic engineering has made iPSC an attractive 

candidate355. Several iPSC protocols had been developed that enabled 

differentiation of IPSCs to airway epithelium696. The protocol by Wong et al 

employed the ALI technique to establish the airway epithelium610. Therefore 

the protocol was used to compare iPSC differentiation into airway epithelium 

with the ALI-HBEC model. I aimed to evaluate the differentiation of the iPSCs 

across different stages including Stage 1 DE, Stage 2 AFE, Stage 3 bronchial 

progenitors and Stage 4 expansion of bronchial progenitors. I also aimed to 

utilise the iPSC and ALI-HBEC models to study RSV infection by examining 

how permissive the cells were to iPSCs and then assessing the changes in the 

expression of RSV receptor CX3CR1, interferon response and the restriction 

factor OAS1 across different stages of differentiation.  
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6.2 Main Findings  

Signal-to-gene pipeline analysis through interrogation of multiple datasets 

identified 6, 108 and 119 candidate causal genes associated with RV, RSV and 

SARS-CoV-2 respectively. Only 24 candidate causal genes were common for 

in more than one host-virus interactions with IL6, IL6-AS1 and STEAP1B 

showing overlap between all three viruses. RV has shown to be a potent 

stimulator for IL6 elaboration, and this RV-induced stimulation is mediated by 

NF-kB-mediated signalling pathway583. Whereas Pyle et al found that IL6 

signalling during RSV infection stimulated IL27 dependent maturation of 

regulatory T cells to suppress inflammation191. A study by Santa Cruz et al 

identified IL6 as a biomarker for the development of fatal SARS-CoV-2 

pneumonia following infection697. A significant negative correlation between 

peripheral oxygen saturation (SpO2) and partial pressure of oxygen in arterial 

blood (PaO2) was identified suggesting that IL6 is correlated with respiratory 

failure697. In comparison to IL6, literature focusing on IL6-AS1 and STEAP1B 

is low therefore further studies are needed to investigate the two genes.  

Downstream analysis of candidate causal genes revealed that pathways 

implicating the modulation of the immune system may be particularly important 

between host RV/RSV/SARS-CoV-2 pathways. Th1 was the top pathway for 

RV. This is in line with literature as Th1 response is amplified during RV 

infection in individuals with allergic asthma459. Whereas macrophage classical 

activation signalling pathway was the top pathway for RSV and the IL10 

signalling for SARS-CoV-2. RSV-challenged lung macrophage cells resulted in 

the upregulation of genes implicated in macrophage activation461. IL10 

signalling was the top pathway for SARS-CoV-2. Early production of L10 has 

been found to be significantly associated with COVID-19 disease severity and 

may be useful as a prognostic biomarker to facilitate treatment strategies463. 

Pathways involving Th1 and Th2 activation were found to overlap between the 

three viruses. Diseases implicated in cellular development, connective tissue 

disorders, and infectious diseases were the top diseases for RV, RSV and 

SARS-CoV-2 respectively. Diseases affecting multiple different organ systems 

such as endocrine, nervous system and the gastrointestinal system were 

identified for SARS-CoV-2 in contrast to RV and RSV. This is in line with 
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literature as SARS-CoV-2 infection has shown to be associated with 

gastrointestinal and neurological symptoms473,477. Whereas COVID-19 has 

been suggested to induce diabetic ketoacidosis in individuals with diabetes471.  

Candidate causal genes were assessed to see whether they could be potential 

druggable targets for drug development or drug repurposing. It is essential to 

develop therapeutics for RV, RSV and SARS-CoV-2 infection. Using 

databases, drugs targeting 1, 16 and 11 candidate causal genes were currently 

in phase II, III and IV of clinical trials for RV, RSV and SARS-CoV-2 

respectively. This included drugs targeting IL6 such as siltuximab, olokizumab 

and clazakizumab, and IC14 targeting CD14. Clazakizumab, which is used to 

treat psoriatic arthritis, was repurposed and found to significantly improve 

clinical outcomes, 28-day ventilator-free survival, 28- and 60- day overall 

survival in individuals hospitalised with severe or critical COVID-19 disease 

with hyperinflammation495. The role of genetics in the development of drugs is 

supported by literature. A study by Cook et al revealed that 73% drug discovery 

projects with genetic linkage were successful or active in Phase II trials 

compared with 43% of projects without the support698. Furthermore, genomic-

driven approach to identify repurposable drug targets is an attractive 

proposition as it allows the use of de-risked compounds which could potentially 

decrease the developmental timelines and the overall developmental costs699.  

Transcriptomics was used to further understand host-virus interactions by 

studying how HBECs respond to prolonged RSV-A2 and RV-A16 infection. 

Overlapping upregulated genes such as XIST, CXCR4 and GSTM1 and 

overlapping downregulated genes including follistatin were identified. 

Pathways implicating the cell cycle may be particularly important for prolonged 

RSV-A2 infection. A study by Wu et al showed that cell cycle arrest at the G0/G1 

phase can be induced by RSV infection after 24 hours559. Whereas the 

stimulation of DNA damage and stress response can result in the cell cycle 

checkpoints activity following 24 hour of RSV infection560. This suggests that 

RSV may utilise cell cycle checkpoints during acute and prolonged infection. 

In contrast, the top pathway with predicted significant activation was 

keratinisation. Pathways involving stress, apoptosis and cytoskeletal 

reorganisation may be important during prolonged RV-A16 infection. For 



 305 

prolonged RSV-A2 infection, pathways implicating the inflammatory response 

were found to be inhibited with neutrophil degranulation being the top pathway 

with predicted inhibition. A study by Kirsebom et al observed that neutrophil 

activation peaks at 18-24 hours post-RSV infection which suggests that 

degranulation may transpire during acute stages of infection565. Neutrophil 

degranulation may become downregulated as RSV infection progresses. In 

addition, pathways involving formation of elastic fibres and idiopathic 

pulmonary fibrosis were found to be common between prolonged RSV-A2 and 

RV-A16 infection. 

The viral gene signature was interrogated to see whether they provided 

support for genes supported by the signal-to-gene association analysis. Out of 

119 candidate causal genes identified from the analysis, 28 were found to be 

differentially expressed in the acute dataset. These included genes involved in 

the immune system such as IFNAR1, IFNAR2, OAS1 and NFKBIZ. Significant 

increase in IFNAR1 concentration was reported by Yaugel-Novoa et al in 

individuals with severe COVID-19586. Whereas an inverse correlation was 

found between IRNAR1 concentration and severe COVID-19586. Analysis of 

prolonged RSV-A2 infection revealed that 43 genes out of 108 identified from 

signal-to-gene analysis were shown to be differentially expressed in vitro. 

Genes involved in a wide variety of roles such as immune response (CCR1), 

developmental processes (BMP4)427, and ketogenesis (HMGCL)547 were 

identified.  For prolonged RV-A16 infection, 2 out of 6 identified genes were 

found to be differentially expressed. IL6 and STEAP1B, which was common 

for both RV and RSV, was found to be significantly downregulated during 

prolonged RV and RSV infection. This is supported by literature where 

bioactivity of IL6 has been shown to peak at 48-72 hours following RV infection 

and reducing thereafter583. 

To compare and contrast iPSC and ALI HBEC models of the airway epithelium, 

protocol by Wong et al was utilised to differentiate the LOPCK and REBL-PAT 

cell line into bronchial progenitors and the airway epithelium. The formation of 

DE and AFE in LOPCK cells but only the generation of DE in REBL-PAT cells 

suggests that the Wong et al protocol may be more reproducible in LOPCK 

cells. The non-detection of FOXJ1, KRT5 and MUC5AC in Stage 3 and 4 
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LOPCK and REBL-PAT cells could be due to the immaturity of the cells 

hindering the ability to form specialised cells. However, mature airway 

epithelium could not be established in LOPCK and REBL-PAT iPSCs. Whereas 

HBECs cultured in ALI were successfully differentiated into a mucociliary 

airway epithelium. The unsuccessful attempts at differentiating the iPSCs into 

the airway epithelium could be due to the cell line used since the Wong et al 

protocol was optimised for the CA1 embryonic stem cell line610. A study by 

Ortmann et al showed that cell lines derived from distinct genetic backgrounds 

can lead to divergence in differentiation capacity681. Whereas Carcamo-Drive 

et al found that iPSCs retain a donor specific gene expression pattern which 

can lead to variability across cell lines and influence differentiation potency 680. 

Therefore protocols for iPSC differentiation appear to work efficiently in specific 

cell lines. These findings are important as rigorous and standardised iPSC 

protocols are needed. Strategies could be developed to improve reproducibility 

of iPSC differentiation protocols and data across different research groups 

could be integrated690.  

iPSCs and HBECs were utilised to study host-RSV interaction by assessing 

whether LOPCK, REBL-PAT, submerged and ALI HBECs were permissive to 

RSV-A2. Significant increase in RSV receptor CX3CR1 and the restriction 

factor OAS1 was found in RSV-infected submerged and ALI-HBECs compared 

to non-infected. Upon RSV infection, CX3CR1 has been shown to co-localise 

with RSV in airway epithelial cells684. Whereas OAS1 has shown to be 

upregulated following RSV infection in airway epithelial cells700. IFN-ƛ 

response was seen in RSV-infected submerged and ALI-HBECs whereas IFN-

β response was present in RSV-infected submerged cells. During RSV 

infection, IFN response are amplified pro-inflammatory response to induce an 

anti-viral state683. Variability in CX3CR1, IFN-β and OAS1 was seen across 

different stages of differentiation in non-infected and infected LOPCK and 

REBL-PAT cells. The difference was non-significant suggesting RSV-A2 

infection may not influence the expression of CX3CR1, IFN-β and OAS1 in 

LOPCK and REBL-PAT cells. However, preliminary experiments suggested 

that LOPCK cells may become increasingly permissive to RSV-A2 tagged with 

GFP since the mean percentage of GFP-positive cells increased in infected 
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LOPCK cells as the stages of differentiation progressed. However, care must 

be taken when interpreting the results as this increase in fluorescence could 

be due to autofluorescence. Therefore further investigation is needed to 

validate the results.  
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6.3 Study Limitations 

One limitation of the study is that mature airway epithelium derived from iPSCs 

could not be established as the iPSC cells failed to proliferate. One of the 

reasons for this could be due to the cell line used. The Wong et al protocol was 

optimised for the CA1 cell line610. Variability among iPSCs can arise from 

epigenetic and genetic factors which can influence the behaviour of the 

cells681. This remains a prevailing issue as it can hinder the differentiation 

capacity of the cells and the experimental reproducibility681. Another limitation 

of the study Wong et al protocol did not enable the purification of cells at 

different stages of the iPSC differentiation. Therefore the cell culture could be 

heterogenous with a lot of non-lung cells present. Non-lung markers were not 

assayed due to time constraints. This remains a limitation as this could help 

examine whether the cells are differentiating into different lineages.  

Another limitation was the preliminary experiments used to study whether 

LOPCK cells were permissive to RSV-A2 infection at different stages of the 

differentiation. The RSV-A2 was tagged with GFP, and flow cytometry was 

used to measure the number of GFP positive cells. Although the mean 

percentage of GFP increased in infected cells as they progressed through 

differentiation, fluorescence of the infected cells were not observed under a 

microscope. This could be due to high sensitivity of flow cytometry in detecting 

fluorescent signals639. On the other hand the increase in fluorescence could 

be due to autofluorescence. However, time did not permit further investigation.  

Therefore further investigation is necessary for validation before any 

meaningful conclusions can be made. 

Another study limitation is that many differentially expressed genes identified 

during prolonged infection appear to be related to cell homeostasis and cell 

death. It is important to consider that this could be potentially due to cells 

senescing or undergoing apoptosis after 6 days in culture. Another limitation is 

that acute and prolonged response between the RV, RSV and SARS-CoV-2. 

Differentially expressed genes in response to acute RV and RSV infection in 

submerged HBECs were not available in published literature. Therefore 

similarities and differences between acute and prolonged RV and RSV 

infection could not be made. Since prolonged infection of SARS-CoV-2 was 
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not conducted due to time constraints, changes in the transcriptomic profile 

between acute and prolonged SARS-CoV-2 could not be made.  
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6.4 Future Work 

Future work would prioritise optimisation of Wong et al iPSC cell culture 

protocol such as optimising media formulations and incorporating methods to 

purify cells with specific markers at different stages of the differentiation. 

Fluorescence-Activated Cell Sorting (FACS) could be implemented to identify 

and isolate distinct cell types at the single-cell level355. FACS employs the use 

of cell surface antigens expressed by cells of interest to isolate cells. Another 

method to purify cells involves the targeting of endogenous miRNA activity701.  

Synthetic mRNAs called microRNA which encode fluorescent protein are 

tagged with sequences which are then targeted by miRNAs expressed on cells 

of interest701. Whereas Magnetic-Activated Cell Sorting (MACS), which uses 

superparamagnetic nanoparticles and columns to capture cells expressing 

certain markers, can be combined with microRNA switch method to purify large 

amounts of iPSCs rapidly and efficiently694. Furthermore, single-cell RNA 

sequencing could be used to distinguish heterogenous cell populations690. In 

addition, a wider panel of markers such as pancreatic, thyroid and intestine 

markers would also be used to assess whether the cells are differentiating into 

different lineages. Utilising RNA-seq would also be useful to examine the 

changes in the expression levels of the different markers as the cells progress 

through differentiation.  

By optimising the Wong et al protocol to enable differentiation of iPSCs into a 

mature airway epithelium, candidate causal genes and pathways that have 

been identified through signal-to-gene analysis can be interrogated in both 

iPSC and ALI HBEC models. Clustered Regularly Interspaced Short 

Palindromic repeats (CRISPR)/Cas9 is a genome editing technology CRISPR-

Cas9 that enables efficient and precise modification of DNA sequences702. The 

system uses specifically designed guide RNA to target a desired DNA 

sequence and Cas9 enzyme to recognise and cut the DNA at the specific 

location702. CRISPR-Cas9 can be employed to edit candidate casual genes 

identified from the signal-to-pathway analysis in iPSC and HBEC-derived ALI 

models of the bronchial airway epithelium. Further mechanistic and functional 

studies can be conducted to investigate the downstream effects of the 

candidate causal genes on RV, RSV and SARS-CoV-2 infection. In addition, 
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mechanistic studies on the identified pathways and upstream regulators can 

be conducted. This can give further insight into the molecular basis of viral 

pathogenesis.  

To compare and contrast between acute and prolonged RV, RSV and SARS-

CoV-2, future studies would prioritise the transcriptomic profiling of acute RV 

and RSV infection, and prolonged SARS-CoV-2 infection in submerged  

HBECs. Downstream analysis using IPA could be conducted to identify 

pathways and upstream regulators that are unique or common between acute 

and prolonged infection in the three viruses. This can give insight on the viral 

pathogenesis and how it can differ during acute and prolonged infection 

therefore providing further knowledge on the mechanistic background. In 

addition, biomarkers or druggable targets can be identified to guide treatment 

strategies to limit RV, RSV and SARS-CoV-2 infection. Pathways and 

upstream regulators identified from acute and prolonged response could also 

be modelled using iPSC and HBEC-derived ALI models to further investigate 

the molecular background.  
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6.5 Final Conclusions 

Signal-to-gene analysis has provided significant understanding of genes, 

pathways, diseases and upstream regulators which may be particularly 

relevant for RV, RSV and SARS-CoV-2. Candidate causal genes were 

identified with IL6, IL6-AS1 and STEAP1B being common for all three viruses. 

Downstream analysis revealed that immunomodulatory pathways could be 

particularly important for all three viruses. Moreover, SARS-CoV-2 might be 

implicated in diseases affecting multiple organ systems compared to RV and 

RSV.  Overlapping and unique pathways, diseases and upstream regulators 

were identified by studying the similarities and differences between the three 

viruses. Interrogation of downstream effects is particularly important as it builds 

on our understanding of viral pathogenesis. A significant opportunity has been 

provided by these findings for the development of new therapeutic strategies. 

Candidate causal genes may serve as biomarkers or druggable targets to limit 

viral infection. Studying the similarities and differences between the three 

viruses using this genetic-based approach can lead to effective repurposing of 

drugs that exhibit broad anti-viral activity.   

Host-virus interactions were further investigated using transcriptomics to 

understand the response of HBECs upon prolonged RSV-A2 and RV-A16 

infection. Cell cycle pathways might be important for prolonged RSV-A2 

infection whereas keratinisation was the top pathway predicted to be 

significantly activated. Overlapping upstream regulators such as MEK1 

inhibitor PD98059 were identified. These analyses can help generate 

hypotheses about pathways, disease mechanisms and regulatory networks 

which can guide future research. Viral gene signature offered some support to 

genes translated from signal-to-gene association analysis. Genes such as 

CCR1, BMP4 and HMGCL were differentially expressed following prolonged 

RSV-A2  in vitro. Interrogation of acute SARS-CoV-2 dataset provided further 

understanding of host-SARS-CoV-2 interactions.  

Since the advent of iPSC technology, advances in the field including 

differentiation of lung, cardiac, neural and hepatic cell types have been 

documented696. Although iPSC-derived airway epithelium could not be 

established, iPSCs were still useful in studying host-virus interactions at 



 313 

different stages of the differentiation. Furthermore, reproducing iPSC protocols 

in a variety of different cell lines is important for informing the wider research 

community on whether the methodology is replicable or not. This can lead to 

strategies being implemented to improve the reproducibility of the protocol. 

Volpato et al suggested that the development of standardised protocols with 

the documentation of yield, fate and purity of the derived cell types could 

elevate the reliability of phenotype comparisons and therefore improve 

reproducibility across different research groups690. Nevertheless, the potential 

of iPSCs in studying host-virus interactions and disease modelling is vast. 

Currently the next step towards creating complex ‘mini lung’ models have 

focused on combining the airway epithelium cells with non-epithelial cell types 

such as endothelial, stromal and immune cells703. Developing reproducible 

protocols that capture this complex architecture of the airway epithelium has 

potential to further our understanding of host-virus interactions.  

Overall, the use of genetic and transcriptomic-based approaches has identified 

genes, pathways, and upstream regulators that are relevant to RV, RSV and 

SARS-CoV-2. Opportunities for the development of therapeutics have been 

provided by these findings. Although iPSC-derived models of the airway 

epithelium could not be established, the use of cell models has been useful for 

studying host-RSV interactions. This thesis has led to understanding of 

pathways and diseases  that underlie host-RV/RSV/SARS-CoV-2 interactions.  
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