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Abstract 

The majority of acute respiratory tract infections are caused by viruses, with Influenza A viruses 

(IAV), Respiratory Syncytial virus (RSV) and Coronaviruses (CoV) three important causes of disease. 

The symptoms of infection can be very similar despite different aetiology and mechanisms of 

infection. Each virus can also result in a wide range of patient outcomes from asymptomatic 

infections to life threatening lower respiratory infections such as pneumonia. The ongoing COVID-19 

pandemic is an important example of the considerable variation in patient outcome that can occur in 

response to a single viral agent, SARS-CoV2. Differences in how the host immune system responds to 

infection can contribute to this variation with the most severe cases frequently associated with 

excessive cytokine production and T cell dysregulation.  

Given that T cells are a key factor in both viral clearance and immune mediated tissue damage, it is 

important to understand how different respiratory viruses impact T cell driven immunity. Epithelial 

cells that line the airways are often the primary target of respiratory viruses. These cells are 

increasingly understood to play a direct role in antiviral immunity, regulating and directing aspects of 

both the innate and adaptive responses at the site of infection. Signals released from epithelial cells 

can influence all stages of the T cell life cycle; both indirectly by influencing Dendritic cell polarisation 

and directly through T cell co-receptor expression as well as cytokine and chemokine production.   

The primary aim of this work was to use transcriptomics data to compare T cell modulatory signals 

produced by respiratory epithelial cells in response to infection with different viruses. Published 

microarray data from experiments using well differentiated primary bronchial epithelial cells as 

models of RSV, IAV and SARS-CoV1 infection were re-analysed using differential expression analysis 

and gene expression was compared across viruses with a focus on T cell recruitment, activation and 

inhibition.  

In addition, this project worked to develop an Air liquid interface model of RSV infection using the 

BCI-NS1.1 cell line with a view to validating the transcriptomics analysis. The validity of the model 



was explored using RT-PCR to monitor RSV amplification over time as well as CXCL10 expression as a 

marker of antiviral gene expression.  

Considerable differences were observed in the transcriptomic responses between viruses. RSV and 

SARS-CoV1 upregulated far fewer genes than two strains of IAV. Focused exploration of T cell related 

genes identified differences in expression of chemokine genes as well as the cytokines IL6, IL1B and 

IL23a. The BCi-NS1.1 cell line showed promise as a candidate for an RSV ALI infection model, 

however consistent and reliable infection was not demonstrated despite more productive infection 

occurring in primary bronchial epithelial cells. While this suggests that differentiated BCi-NS1.1 cells 

are not permissive to infection, further work discussed in this report is needed to improve the model 

before this conclusion can be made.  
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Chapter 1 Introduction 

1.1 Respiratory viral infection 

1.1.1 Overview 

Viral respiratory tract infections (vRTI) are among the most common and important causes of  

disease worldwide, representing a significant contributor to infant mortality as well critical 

exacerbations of asthma or COPD  (1,2). The clinical manifestation of vRTI can vary considerably 

from mild upper respiratory disease such as the ‘common cold’, to life threatening pneumonia, 

bronchiolitis and acute respiratory distress syndrome (ARDS) with severe lower airway involvement 

(3). Influenza viruses, particularly Influenza A virus (IAV), and Respiratory Syncytial Virus (RSV) are 

two of the most import causes of vRTI with IAV alone thought to be responsible for 3 to 5 million 

severe illnesses and approximately 290,000 to 650,000 deaths each year (4). Similarly, RSV is 

estimated to result in approximately 3.6 million hospitalisation due to lower respiratory tract 

infections (LRTI) and is the most important pathogen associated with LRTI in infants and young 

children (5–8). Due to the high prevalence of RSV, almost every child will have encountered RSV by 

the age of 2 with an estimated 2-3% of cases developing severe LRTI (8). Both RSV and IAV circulate 

simultaneously and in temperate climates produce seasonal peaks of disease which place 

considerable strain on healthcare systems (9).  

The ongoing Coronavirus Disease 2019 (COVID-19) pandemic, caused by Severe Acute Respiratory 

Syndrome Coronavirus-2 (SARS-CoV-2), highlights a further threat posed by novel strains of 

respiratory viruses. Since it emerged in China in late 2019, SARS-CoV2 has spread around the world 

resulting in over 765 million confirmed cases and over 6.9 million deaths, as of 7 May 2023 (10). 

SARS-CoV2 is the third coronavirus (CoV) to cause serious disease in the past century following from 

Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-1) in 2003 and Middle East Respiratory 

Syndrome Coronavirus (MERS-CoV), present since 2012. SARS resulted in 8422 cases and 91 fatalities 



before it was contained while MERS there were 2502 laboratory-confirmed cases and 861 associated 

deaths, primarily in Saudi Arabia (11,12). A key factor in these differences is the enhanced 

transmission efficiency of SARS-CoV2. Importantly, while each pandemic coronavirus (CoV) strain 

causes LRTI, SARS-CoV2 also replicates in the upper airways. This considerably impacts efforts to 

contain the virus as transmission can occur before the onset of symptoms or in asymptomatic 

patients (13,14). 

Endemic strains of CoV make up a large proportion of seasonal cold viruses and produce mild or 

subclinical symptoms in the majority of individuals. In contrast to endemic viruses which co-evolved 

with the human population, pandemic viruses evolve from animal viruses (zoonotic) to which the 

human population bears no pre-existing immunity (15). Novel Influenza viruses have been the cause 

of 14 pandemics in the previous 500 years, most recently, the 2009 H1N1 (“swine Flu”) pandemic 

caused an estimated 151,700 - 575,400 casualties globally (16). This virus is an evolutionary 

descendent of early swine influenza viruses and the 1918 H1N1 “Spanish flu” virus which killed up to 

50 million people, the most lethal pandemic in recorded history. Subsequent outbreaks of a new 

H2N2 subtype in 1957 and H3N2 in 1968 resulted in more than 1 million and around 1 – 4 million 

deaths around the world respectively (17,18). Variants of H1N1 and H3N2 continue to circulate as 

endemic influenza viruses causing regular outbreaks as part of the seasonal pool of respiratory 

viruses (19). SARS-CoV2 variants are expected to transition to long-term persistence in communities 

possibly with the seasonal periodicity seen for influenza viruses (20).   

Treatment for vRTI is primarily supportive and symptomatic (21,22). Uncomplicated infections often 

resolve within 1-2 weeks with over the counter (OTC) analgesics and decongestants used to ease 

symptoms as needed. The few antiviral drugs available are generally restricted for use in the most 

high-risk patients. An inhaled version of the antiviral drug Ribavirin is approved for treatment of 

severe RSV bronchiolitis in infants however multiple trials were not able to demonstrate clinically 

relevant benefits (22). Prophylactic administration of Palivizumab, the monoclonal anti-RSV-F 
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protein, confers some protection against severe disease, however the cost limits its use to children 

at the highest risk i.e.preterm babies or infants with congenital heart disease.  

No specific RSV vaccines are currently in use and previous efforts have been unsuccessful, in some 

studies vaccination produced worse outcomes on reinfection. Although global efforts produced 

several vaccines against SARS-CoV2, the emergence of new variants reduced the efficacy of vaccine 

induced immunity to SARS-CoV2, necessitating repeat vaccination. Similarly, while influenza vaccines 

show some efficacy at reducing the severity of disease in at risk populations, vaccination strategies 

need to be revised each year in response to the high variability of circulating strains of IAV.  

 The wide variation in clinical manifestation and patient outcome is driven largely by the host 

immune response to infection (23–25). While an effective immune response is necessary for viral 

clearance and recovery, uncontrolled inflammation and immunopathology can be fatal. Significant 

inflammation resulting from excessive production of cytokines and chemokines (“Cytokine Storm”) 

as well as disruption of T cell immunity frequently accompanies severe decline in respiratory viral 

infections (26). This presents a major challenge for antiviral drug and vaccine development and is a 

vital area of ongoing research.  

 

1.1.2 Respiratory Virus Structure and Function 

The structural characteristics of respiratory viruses inform aspects of their virulence including 

transmission rate and their ability to evade immune responses. Importantly, differences in antigenic 

receptor expression determine the host range of a virus while virion shape and genetic composition 

influence how well a virus can survive outside of a host or produce new variants. 

RNA viruses, including IAV, RSV and CoV, are prone to mutations due to the error prone nature of 

RNA viral replication. This is seen in the high variability of IAV antigenic receptor expression which 

drive in the need to develop new influenza vaccines annually (15). Similarly, variations in SARS-CoV2 



receptors have also led to the emergence of variants with a greater rate of infectivity and spread 

(27).  The following section describes important structural and functional characteristic of RSV, IAV 

and SARS-CoV2 which contribute to virus and strain specific differences in infection.   

 

RSV 

RSV is an enveloped virus of the Pneumoviridae family which is classified into two subgroups, RSV-A 

and RSV-B.  These antigenic subtypes circulate simultaneously to lesser or greater extents in 

different populations with RSV-A occasionally found to cause marginally more severe disease (28–

30). The RSV virion contains a non-segmented, negative sense single strand RNA (− ssRNA) genome 

which is tightly associated with nucleoprotein (N) molecules to form the viral ribo-nucleoprotein 

complex (vRNP). Additional proteins required for polymerase function, phosphoprotein polymerase 

co-factor (P) and large polymerase subunit (L), are packaged alongside the RNA in the helical 

structured vRNP or nucleocapsid. A layer of matrix proteins (M) supports the outer envelope 

surrounding the nucleocapsid and give the virion its shape with both spherical and filamentous 

forms known to exist. Numerous copies of three main transmembrane glycoproteins, the 

attachment glycoprotein (G), fusion protein (F) and small hydrophobic protein (SH), project from the 

viral envelope. In addition to these structural proteins, the RSV genome encodes two non-structural 

proteins (NS-1, NS-2) involved in viral virulence and two regulatory proteins (M2-1 and M2-2) which 

are associated with transcription and replication (31–33). 

The RSV-G protein defines the antigenic subtype of RSV and facilitates attachment to host cells via 

several proposed receptors. The specific attachment site may be cell type dependent, for example, 

binding of heparan sulphate proteoglycans (HSPGs) has been reported in immortalised cell lines but 

the CX3 chemokine receptor 1 (CX3CR1) may be of greater importance in primary human airway 

epithelial cells as well as in vivo ciliated epithelium, the preferential target of RSV (34).  
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After RSV is localised to the target cell, the F protein mediates fusion with the viral and host cell 

membranes.  Fusion is catalysed by binding to host cell receptors such as nucleolin (35), this induces 

a conformational change in the F protein which both fuses the virion and host cell and forms the 

fusion pore. In addition to the plasma membrane, RSV fusion may also occur at the endosomal 

membrane following micropinocytosis (non-selective uptake into endocytic vesicles) (36). 

Once the viral RNA is released into the cell, viral proteins associated with the nucleocapsid (N, P and 

L) initiate transcription and the resulting mRNAs are translated into viral proteins by the host 

machinery. Replication of viral genomes and assembly with viral proteins occurs in the cytoplasm of 

infected cells (31).  New virions bud at or near the plasma membrane and infected cells 

subsequently express the G and F protein on their surface facilitating fusion and infection of 

neighbouring cells. This gives rise to the characteristic aggregates of infected cells (syncytia) seen 

during in vitro infection.   

 

Influenza A 

Influenza viruses belong to the Orthomyoxoviridae family and are classified into four main types (A-

D) with influenza type A viruses (IAV) most likely to cause disease and pandemic outbreaks. IAV are 

categorised into strains based on the arrangement of hemagglutinin (HA) and neuraminidase (NA) 

proteins expressed on the host derived lipid envelope surrounding the complete virion (37). There 

are currently 18 HA and 11 NA variants known to exist in nature, most of which are found in avian 

and bat IAV reservoirs (37). The H1N1 and H3N2 IAV subtypes currently cause most epidemic disease 

in humans.  

In contrast to RSV and other RNA viruses, the IAV genome is comprised of eight distinct segments of 

negative sense ssRNA.  The segments are coated with viral nucleoproteins (NP) and combined with 

viral RNA-dependent RNA polymerase (RdRp) subunits (PA, PB1, PB2) into vRNP complexes (38). 

Whole sections of the IAV genome can mix and recombine with segments from other IAV viruses 



during co-infection. If this occurs with HA or NA encoding segments, antigenic shift can occur 

resulting in a new virus with un-familiar antigenic properties. This is thought to have contributed to 

the emergence of the 1918 H1N1 and 1968 H3N2 pandemics which originated from re-arrangements 

which exchanged avian HA segments with mammalian IAV (15).   

Viral entry is facilitated by HA proteins which bind terminal sialic acid (SA) residues on cell surface 

glycoproteins and glycolipids. Affinity of HA for SA residues contributes to cell tropism and inter-

species transmission. For example, human seasonal IAV generally bind SAα-2,6-Gal type receptors 

found in the upper airways, however, the avian IAV receptor type SAα-2,3-Gal has been found in the 

lower airways of humans, raising the possibility of zoonotic infection (39). Internalisation may 

require activation of additional subtype dependent internalization receptors, such as nucleolin or 

EGFR to trigger endocytosis. The low pH inside the endosome induces a conformational change in 

HA which leads to fusion of the viral and endosomal membranes. Further low pH driven changes in 

the matrix (M) protein, which like RSV surround the vRNP beneath the viral envelope, contributes to 

un-coating of the virus and release of vRNPs. Transcription and replication takes place in the nucleus 

which is facilitated by nuclear localisation signals (NLS) expressed on NP proteins (40,41). Release of 

nascent virions is aided by NA glycoproteins which cleave SA moieties on the cell surface which 

might otherwise bind with HA. This also facilitates the dispersion of the new virion and is a key factor 

in the enhanced cell to cell spread when compared to RSV. 

 

SARS-CoV2 

SARS-CoV2 has been classified as a Beta-Coronavirus (BetaCoV) from the Coronavirinae subfamily of 

Coronaviridae. This classification also contains MERS-CoV and SARS-CoV as well as the less 

pathogenic human CoV strains HCoV-OC43 and HCoV-HKU1 (42). Based on sequence similarity, 

SARS-CoV2 was grouped into the Sarbecovirus sub-genera of BetaCoV alongside SARS-CoV1. 
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All coronaviruses contain a relatively large positive sense single strand RNA (+ssRNA) genome which, 

like RSV, is packaged into a helical shape with multiple nucleocapsid (N) proteins. The genome 

encodes four major structural proteins; the spike (S) protein, membrane (M) protein, N protein and 

envelope (E) protein, which are expressed to varying degrees in complete CoV virions (43)(44).  The 

M protein is most abundant and is embedded in the outer lipid membrane where it gives the virion 

its shape and structure. Less if known about the E protein which is found in lower numbers and may 

enhance infectivity by forming pores in host cell membranes (43)(44).   

The large S glycoprotein projects from the spherical CoV envelope in groups of three forming the 

crown or “corona” like appearance which gives CoV their name. This protein mediates binding and 

entry to host cells and may be an important factor in determining the virulence of different 

coronaviruses. Both SARS-CoV1 and SARS-CoV2 enter cells via the receptor angiotensin-converting 

enzyme 2 (ACE2), which is expressed on airway epithelial cells from the upper and lower airways as 

well as cells from the heart, kidneys and reproductive tracts (45). Variations in the S protein has 

resulted in SARS-CoV2 having 10-20 fold greater affinity for ACE2 than SARS-CoV1 (46). Mutations in 

the S protein have also been key factors in the emergence of recent variants of concern which show 

enhanced affinity for ACE2 receptors as well as reduced neutralisation ability of targeted antibody 

responses (27). Differences in ACE2 expression levels in the respiratory tract mirror the SARS-CoV-2 

infection gradient, with highest expression in nasal ciliated cells, the primary targets for early SARS-

CoV-2 replication. 

In SARS-CoV2, the S protein is cleaved into functional S1 and S2 domains during maturation of the 

virion in infected cells. These domains remain as non-covalently associated subunits of the S protein; 

S1 binds ACE2 on host cells while S2 is anchored to the virus membrane and mediates membrane 

fusion (46). ACE2 engagement induces a conformation change which exposes S2 to additional 

cleavage by host proteases. The transmembrane protease serine 2 (TMPRSS2) is thought to be 



important for this stage during entry at the host cell membrane. SARS-CoV2 may also enter cells via 

the endocytic pathway with S2 activation mediated by host cathepsins.  

Cleavage of S2 releases a fusion peptide which initiates formation of a fusion pore allowing entry of 

the viral genome. Replication and translation of viral RNA then occurs in the cytoplasm with 

involvement of many of the 16 non-structural proteins (nsp1 – nsp16) encoded by the SARS-CoV2 

genome. New virions are assembled in the cytoplasm and are secreted from the infected cell by 

exocytosis, in addition, new virions may pass directly to other cells through membrane fusion.  

 

1.1.3 Pathology of Respiratory Viral infection 

Respiratory viruses are primarily transmitted in respiratory secretions with contact occurring 

through direct contact with individuals, indirect contact with contaminated surfaces or through 

inhalation of respiratory droplets or aerosols. The rate of symptom onset and disease severity will 

depend on host risk factors such as age, obesity, or immunosuppression as well as prior immune 

memory.  

In symptomatic influenza infections, patients experience a sudden onset of high fever, cough, 

headache and malaise which often persist for 7 to 10 days, this can be followed by fatigue and 

weakness which may linger for weeks (47). Pathology can be seen in the lung soon after symptom 

onset, for instance, in uncomplicated influenza, superficial inflammatory lesions are present in  

tracheal and bronchial biopsies as early as 1-6 days after the emergence of symptoms (48). 

This symptom profile aligns with findings from experimental human IAV infection in which mean 

viral load and symptom severity peak on day 2 and 3 following inoculation respectively.  In the same 

study, RSV replication was more delayed, with an average 4.6-day incubation period until first 

detection in respiratory secretions (49). Peak viral load occurred on day 5.4 with symptom severity 

increasing with viral load and like IAV, reaching peak scores 24h later. 
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In clinical infant infections, RSV can manifest 4-6 days after exposure with nasal congestion and a 

mild fever, followed by a cough and wheezing in cases of bronchiolitis. The histopathology of 

autopsy samples from infants who died from bronchiolitis show an otherwise normal appearance in 

most RSV positive cells with damage most often concentrated around the bronchi and bronchioles 

(50). This differs to severe infections with IAV in which increasing epithelial cell damage occurs due 

to both viral cytolysis and inflammatory cell infiltration (48). 

Lower airway involvement in COVID-19 presents with a characteristic bilateral pneumonia with 

damage to the alveolar epithelium and degradation of the extracellular matrix (ECM) that maintains 

the structure of the lung (51). Involvement of significant portions of the airways affects lung function 

and may result in ARDS, in these cases the patient often requires mechanical ventilation. While most 

patients develop mild symptoms including a cough, low grade fever and occasionally loss of taste or 

smell, which resolve easily, over 15% of patients develop severe disease with mortality as high as 

61.5% in critical cases (52).  

An accumulation of immune cells in the airways is a common feature in autopsy studies of fatal SARS 

CoV-2 infection (51). Similarly, in RSV bronchiolitis, occlusion of the bronchiolar and alveolar lumen 

may be exacerbated by immune cell infiltration (50,53). It is hypothesised that the relatively mild 

tissue dame seen in RSV, in contrast to the extensive cytopathology observed in other severe LRTI, 

could be driven by immune cells (54). However, the factors which drive this remain to be 

understood.  

While controlled production of inflammatory mediators helps to clear and infection, excessive or 

prolonged exposure can destroy tissues leading to ARDS and multi-organ failure.  Pro-inflammatory 

cytokine production is initiated by infected airway epithelial cells to control the infection and recruit 

immune cells to the site. Cytokine levels increase further as infiltrating immune cells are activated 

and without resolution of infection, their continued production results in cytokine storm and 

deterioration of the patient. 



 

1.2 The Respiratory Epithelium 

The morphologically distinct cells that make up the respiratory epithelium are the primary entry 

point for respiratory viruses and are a central component of the immune response in the lung (55). 

The upper airways (nasal cavity and pharynx) and conducting portion of the lower airways (trachea, 

bronchi and bronchioles) are comprised mainly of pseudostratified ciliated epithelial cells and mucus 

secreting goblet cells above a layer of replicative basal cells lining the basement membrane (56). 

Tight cell-cell junctions in the epithelial layer form an initial mechanical barrier to infection, blocking 

access to many viral entry receptors. Mucins produced by goblet cells contribute to a mucus layer 

which coats the airway lumen and traps pathogens and debris. Co-ordinated cilia movements direct 

this mucus layer towards the upper airways where it can be removed, protecting the lower airways 

from infection. Impairment of muco-ciliary clearance due to loss of cilia is an important factor in 

airway disease such as COPD or in smokers, increasing susceptibility to LRTI in these patients (57). 

Airway epithelial cells also release numerous enzymes and antimicrobial molecules such as nitric 

oxide, B-defensins and surfactant proteins which bind numerous viruses, including IAV, RSV and 

possibly SARS-CoV2, enhancing their clearance from mucosal points of entry (58).   

In the smaller diameter bronchioles, the epithelial layer takes on a simple cuboidal structure and 

contains fewer basal cells and goblet cells than the more proximal airways (56). The terminal 

bronchioles become dominated by non-ciliated Club cells which have basal cell like replicative 

properties and a secretory function, producing antimicrobial substances including surfactants and 

uteroglobin (aka clara cell secretory protein). The alveolar compartment is lined with large 

membranous pneumocytes, known as Type I alveolar epithelial cells (AEC I) and granular 

pneumocytes known as Type II alveolar epithelial cells (AEC-II) (59). AEC-I are flattened wide 

squamous cells which cover approximately 90-95% of the alveolar surface area. Their thin cytoplasm 

enables gas exchange with microvascular endothelial cells that surround the alveoli. AEC-II are 
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smaller cuboidal cells which make up around 7% of the alveolar surface. They are responsible for 

regeneration of damaged AEC-I and contribute to alveolar defences and ion transport. AEC-II also 

produce surfactants which are essential for lowering surface tension in the alveoli and can be 

antimicrobial (60). In addition to ciliated cells in the larger airways, AEC I and AEC II cells are primary 

targets for respiratory viruses (50,61). 

 

1.2.1 Viral Sensing and the Early Antiviral Response  

As the portal for entry during respiratory viral infections, airway epithelial cells have a central role in 

initiating the immune response when viruses breach intrinsic defences. Epithelial cells express 

pathogen recognition receptors (PRR) including Toll like receptors (TLRs) and retinoic acid inducible 

gene-I (RIG-I)-like receptors (RLRs) which initiate antiviral signalling cascades in response to 

activation by foreign antigens known as pathogen associated molecular patterns (PAMPS) (62). PRRs 

respond to both extracellular and intracellular PAMPS based on their cellular location. For example, 

TLR2 and TLR4 are expressed on cell membranes and are activated by viral glycoproteins such as 

IAV-HA (63,64). TLR3 responds to dsRNA formed as an intermediary of viral replication and is located 

both within endosomal membranes and on the cell surface while RLRs including RIG-1 and MDA5, 

are activated by ssRNA in the cytosol (65,66). Activation of these receptors initiates signalling 

pathways that converge on the activation and translocation of interferon regulatory factors (IRF), 

importantly IRF3 and IRF7, and nuclear factor κβ (NF-κβ), which ultimately results in transcription of 

pro-inflammatory cytokines and generation of an antiviral state at the site of infection (67).  

Production of both Type I (IFNα and IFNβ) and type-III interferon (IFN-λ) is a central consequence of 

PRR sensing in response to viral infection. Both classes result in activation of similar antiviral 

pathways with differences primarily in receptor expression and abundance (68). Almost all nucleated 

cells secrete IFNα/β and the type I IFN receptors (IFNAR1 and IFNAR2) are ubiquitously expressed.  

Type III IFN responses are more restricted to mucosal surfaces prone to pathogen exposure and IFN-



λ  as well as the type III IFN receptors (IFNLR1 and IL-10Rβ) are preferentially expressed by epithelial 

cells on mucosal surfaces (62). Activation of either IFN receptor triggers signal transducer and 

activator of transcription 1 (STAT1) and STAT2 signalling cascades which lead to rapid transcription 

of hundreds of interferon-stimulated genes (ISGs) with broad antiviral functionality (69).  

Cellular expression of the IFN-induced transmembrane protein (IFITM) family member IFITM3 for 

example, has been shown to impair early RSV entry and replication (70). Additional cytokines as well 

as chemokines which regulate the inflammatory response and immune cell recruitment, are 

simultaneously upregulated and released by epithelial cells alongside IFNs in response to PRR 

engagement and IFNR activation. This can occur rapidly, for example NF-κβ and IRF-3 activation 

induces expression of IFN-β, interferon inducible protein-10 (IP-10)/CXCL10, regulated and normal T-

cell expressed and secreted (RANTES)/CCL5, and ISG-15 early into RSV infection (71). Similarly, there 

is rapid upregulation of IL-6, TNF-α, IL-8/CXCL8, CXCL10, CCL2, and CCL5 in response to infection with 

IAV (72). Acting locally, these cytokines/chemokines facilitate antiviral responses and recruit 

immune cells to the site of infection.  

Differences in these markers often correlates with disease severity, In RSV infection, infants with 

severe bronchiolitis had lower nasal viral load and reduced CXCL10, CCL5 and IFN-y levels compared 

to mild or moderate infection (73). Conversely, another study reported highest viral load and 

increased IL-6 levels in hospitalized older adults with RSV disease when compared to outpatients, 

further highlighting the importance of the inflammatory response to the varied outcome seen in 

different populations (7).  

 

1.3 The Role of T cells in Respiratory Viral Infection 

A key consequence of cytokine and chemokine signalling during infection is recruitment and 

activation of T cells; specialised lymphocytes with varied roles in antiviral immunity (74). Defects in T 
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cell immunity due to aging, immune suppression, or cancer are associated with more severe 

infections and poorer outcomes (75). In contrast to the immediate IFN driven innate response, 

adaptive T cell responses take days to weeks to be established and are targeted to an invading 

pathogen due to diverse antigen-specific T cell receptor (TCR) expression. 

 Broadly classified into CD8+ and CD4+ subtypes, T cells undertake a range of effector functions 

including clearance of infected cells, regulation of the inflammatory response and long term immune 

memory (74). CD8+ cytotoxic T lymphocytes (CTL) are the main drivers of viral clearance in the 

adaptive response. They produce antiviral cytokines including TNF-α and IFN-γ as well as cytotoxic 

granules which perforate cell membranes and induce apoptosis of infected cells. This targeted 

response is initiated following interaction between the TCR and target antigen (Ag) displayed on 

major histocompatibility complex molecules (MHC-I), expressed at the surface of nucleated host 

cells (76). High diversity in the binding domains of MHC-I molecules allows for presentation of a large 

repertoire of peptides to CD8+ T cells. Endogenous proteins are processed to MHC-I using the direct 

presentation pathway. During infection, MHC-I expression is upregulated from baseline low levels in 

the lung epithelium and protein fragments derived from viral replication are processed for 

presentation to CD8+ T cells alongside other cytosolic peptides.  

Viral Ag can also be bound to MHC-I from exogenous proteins using the cross-presentation pathway 

(CP) (76). By this pathway, external Ag such as phagocytosed virus or infected cell fragments, can be 

acquired by professional Ag presenting cells (APC), such as Dendritic cells (DC), at the site of 

infection. This is important for the initial priming and expansion of Ag specific naïve T cells in the 

peripheral lymph nodes.  

Cross presentation of external proteins to T cells is primarily associated with class 2 MHC molecules 

(MHC-II) expressed by APC. MHC-II are recognised by a highly diverse range of CD4+ T cells which 

play a major role in supporting CTL effector functions in addition to orchestrating other aspects of 

adaptive immunity (74). APC mediated differentiation and expansion of naïve CD4+ T cells occurs in 



the lymph nodes following TCR recognition of cognate Ag in complex with MHC-II. Based on 

costimulatory signals and cytokine profiles during activation, several distinct CD4+ T helper (Th) cell 

lineages are produced with varied roles in antiviral immunity (77).  

Perhaps most relevant to viral infection, activated Th1 type CD4+ T cells are characterised by 

production of IFN-y, TNF-α, and IL-2 which support the initial expansion of CTL as well as their 

effector activity. Meanwhile, Th2 cells produce cytokines such as IL-4 and IL-5 which downregulate 

Th1 functions and support activation of B cells, mast cells and basophils in favour of a humoral or 

anti-parasitic response. Similarly opposing roles have been prosed for the Th17 and Treg lineages 

(78).  Th17 cells, characterised by IL-17 expression, may upregulate proinflammatory cytokine 

production and CTL activity. In contrast, Treg cells produce IL-10 and TGF-B and may suppress the 

effector functions of cytotoxic cells to limit immunopathology and viral induced lung damage.  

A fraction of effector CD4+ and CD8+ T cells persist in the lung as antigen specific memory cells after 

disease resolution (79). These cells can remain in the lung long term and are capable of rapidly 

responding to repeat infection without reliance on additional co-stimulatory signals. High numbers 

of pre-existing antigen specific CD8+ T cells were found to correlate with less severe illness after 

infection with pandemic H1N1 (80). Similarly, in experimental human IAV infection, individuals with 

pre-existing CD4+ T cells specific for internal viral proteins, developed less severe symptoms, in the 

absence of humoral immunity (81). Memory Treg populations have been shown to rapidly respond 

to secondary infection and provide balance between viral clearance and immunopathology, 

suppressing CD4 and CD8+ T cell trafficking, activation and cytokine production (82). The ability to 

mount a response against conserved internal proteins means that T cell immunity can provide 

protection against multiple viral subtypes. For example, pre-existing SARS-CoV1 specific T cells have 

shown cross reactivity to SARS-CoV2 antigens (83). These memory T cell responses may also last 

longer than antibody driven immunity as has been seen in COVID-19 patients (84). 
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Finally, primed T cells can interact with each other and may attract other antigen specific clones 

during viral infection (85).This occurs through direct MHC-II interaction as well as cytokine secretion 

and can facilitate coordination of the wider immune response. Crucially, while not discussed here, 

CD4+ cells initiate the humoral response by activating B cells.  

 

1.3.1 Dysregulation during viral infection 

Activated CD8+ T cells appear in tracheal aspirates from patients with mild RSV, IAV and human CoV 

infections within the first 10 days of symptom onset (86). This rise in CTL numbers is associated with 

viral clearance, yet deficiencies in CD4 and cytotoxic CD8 T cells have even been associated with fatal 

influenza virus and RSV infections in infants (87). 

RSV specific CTL numbers peak in the second week of symptom onset and gradually decline to 

absence by the eighth week. A murine RSV study has shown that CD8+ T cell recruitment to the lung 

may be co-ordinated by Tregs which may then reduce disease severity by limiting the strength of 

antigen specific CD8+ T cell responses and their production of TNF-α (72). Other studies have 

identified correlation between disease severity and expression of distinct populations of T cells. 

Patients with severe disease have shown Increased levels of CD8+ T cells expressing IL4+ as well as 

reduced proportions of CD8+ T cells expressing IFNγ (88). In this study, nasal aspirates from patients 

with severe RSV disease also had reduced concentrations of IL-17. Patients with greater frequencies 

of both CD8+ and CD4+ T cells expressing IL17 had shorter durations of hospitalization. Disruptions 

in TH1/ Th2 responses has been particularly implicated in severe RSV infections including previous 

poor response to vaccinations (89).  There is also correlation between disease severity and a decline 

in peripheral T lymphocytes as well as the ratio of T cell subtypes with lower levels of regulatory T 

cells seen in more severe cases of COVID-19 (26). There is a trend towards decreasing Treg levels in 

the peripheral blood of COVID-19 patients (90). In addition, T cells from COVID-19 patients have 



shown in vitro production of TNF, IFN-γ, IL-2 and IL-17 as well as skewing toward the Th17 

phenotype (91).   

Impaired CTL responses, in which virus specific CD8+ T cells fail to perform cytotoxic functions at the 

site of infection, have also been associated with disease progression and severity during IAV and 

SARS-CoV2 infection (92). In COVID-19, a weak and relatively delayed (> 15 days post symptom 

onset) induction of SARS-CoV2 specific T cells was seen only in patients with severe infections. In 

contrast, early detection was associated with accelerated viral clearance and a milder disease 

course. 

 

1.3.2 T Cell Regulation by Respiratory Epithelial cells 

T cell functionality needs to be controlled to minimise immunopathology while maximising viral 

clearance. This occurs though complex cytokine/chemokine driven cross talk between cells of the 

innate and adaptive immune response and the surrounding tissue. As early initiators of antiviral 

immunity, epithelial cells play a key role in mediating this communication and influencing a 

developing T cell response from activation to final memory cell formation. The importance of the 

epithelium-immune cell interaction in disease severity was recently demonstrated in a single cell 

sequencing analysis of bronchial samples from COVID-19 patients (93). In this study, chemokine and 

chemokine receptor expression were elevated in critical cases compared to moderate cases and 

ligand-receptor mapping demonstrated strong interactions between epithelial cells and immune 

cells, including CTLs, CD4+T/Treg.  

The polarity of a developing T cell response depends to a large extent on the activation state of 

outgoing DCs and the resulting cytokine and co-stimulatory signals given to naïve T cells during their 

activation in the lung draining lymph nodes (94).  While TLR signalling and antigen type are 

important factors, epithelial derived cytokines also influence DC activation state and subsequent T 
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cell expansion. Epithelial derived thymic stromal lymphopoietin (TSLP) has been shown to skew DCs 

so that they induce expansion of Th2 cells (95). Type I IFNs released from infected epithelial cells are 

likely to drive responses toward Th1 development, while Type III IFNs may skew responses toward a 

Treg driven state (96). The epithelial derived cytokines/chemokines CCL20 and Granulocyte-

monocyte colony stimulating factor (GM-CSF) also support T cell activation by inducing DC 

mobilisation into the lung from the circulation and contributing to DC differentiation from 

monocytes respectively (97,98).  

While DC mediated T cell activation in the lymph nodes is well established, there is also evidence to 

suggest T cell activation may occur directly in the lung.  Mice lacking peripheral lymph nodes have 

been shown to generate antigen specific CD8+ T cell responses and clear low dose influenza 

infection (99). Similarly, CCR7−/− mice with impaired DC tracking from the lungs to the lymph nodes, 

were able to activate Mycobacterium tuberculosis specific CD4+ T cell proliferation in the lung 

following infection (100). Airway epithelial cell derived cytokines and chemokines may therefore also 

play a more direct role in DC and T cell activation.  

Chemokines make up a significant proportion of the inflammatory mediators released by airway 

epithelial cells in responses to viral infection (71). These proteins are divided into four distinct 

groups, C, CC, CXC, and CX3C (based on NH2-terminal cysteine residue number and spacing) that 

bind chemokine receptors expressed by distinct leukocyte subsets, inducing their migration to the 

site of infection. CXCR3 is rapidly induced on naïve cells following activation and remains highly 

expressed on Th1-type CD4+ T cells and effector CD8+ T cells (101). Airway epithelial cells enhance 

recruitment of these effector T cells to the lung through production of CXCR3 ligands, CXCL10, 

CXCL11 and CXCL9. Th2 type CD4+ T cells express CCR4 and CCR8 receptors that respond to the CCR4 

ligand CCL22 and CCR8 ligand CCL1, both produced by airway epithelial cells in addition to the Th2 

recruiting cytokine IL-1β (71,101). The expression of these chemokines is upregulated by cytokines 

released from recruited T cells in a feedback loop which amplifies the T cell polarity in the lung.   



The pulmonary epithelium can also impact the overall inflammatory state in the lung by enhancing 

recruitment of other immune cells which promote different T cell lineages (102). Neutrophil 

infiltration for example increases Th1 and Th17 responses and eosinophil recruitment enhances Th2 

responses. Epithelial cells are also a source of the IL-1 family member IL-33 which is a ligand for ST2, 

a receptor that strongly induces Th2 cytokine production (96). 

Additionally, airway epithelial cells directly interact with T cells though expression of membrane-

bound and soluble molecules. During active viral infection, epithelial cells will upregulate MHC-I 

expression to heighten antigen presentation to CTL. They also stimulate the secretion of 

transforming growth factor beta (TGF-β), which leads to the activation of regulatory T cells. In 

contrast, the inhibitory molecule PD-L1 (CD274) mediates T-cell apoptosis and functional exhaustion 

when engaged by its receptor PD-1 expressed by T cells. Persistence of PD-1+ CD8+ “exhausted” T 

cells with impaired cytotoxic functionality in the lung has been associated with disease progression 

and mortality in both COVID-19 and IAV (103)(92). These cells function normally at other sites such 

as the spleen and LDLN suggesting that T cell exhaustion is driven by factors within the lung. 

Inhibition of PDL-1 in a co-culture model of CD8+ T cells and bronchial epithelial cells infected with 

RSV, resulted in increased T cell effector functions, including IFN-γ, IL-2, and granzyme B expression 

and decreased viral load in the epithelial cells (104). PD-1/PD-L1 signalling may also promote 

formation of Trm cells and may be important for maintaining homeostasis in the healthy lung by 

inhibiting T cell function and cytokine secretion.  

 

1.4 Aims and Hypothesis 

T cell regulatory signals expressed by infected epithelial cells contribute to the nature and extent of 

the inflammatory response to viral infection. Given the importance of these responses to both viral 

clearance and immunopathology, understanding the complex communication between the host 
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epithelium and T cells and how they differ between viruses, is fundamental to identifying 

mechanisms of pathogenicity and potential therapeutic targets. 

This project aimed to explore how three important respiratory viruses, (IAV, RSV and SARS-CoV1) 

influence bronchial epithelial cell expression of T cell regulatory genes using publicly available 

transcriptomics data. Comparing the transcriptomic responses of three RNA viruses, each with 

similar presentation and a varied patient outcome, will help to identify any differences in activated 

and suppressed T cell associated genes or pathways.  

A secondary aim was to establish a reliable model of RSV infection using the newly created BCi-N1.1 

cell line in Air-Liquid interface culture. Using a commercial cell line with ALI differentiation 

capabilities offers the possibility of increased consistency and better availability than primary 

bronchial epithelial cells (PBEC) obtained from patient samples. If successful, this model would be 

used to validate the PBEC-T cell gene signature generated from the transcriptomics analysis.  

The primary hypothesis states that the expression of genes that impact T cell activation by virally 

infected bronchial epithelial cells will differ depending on the viral agent with which the cells are 

infected. 

The specific aims of the project were to: 

1. Perform differential expression analysis of virally infected bronchial epithelial cells in 

previously published transcriptomics datasets. 

2. Compare expression of T cell modulatory genes between datasets for different viruses 

3. Optimise an in vitro air-liquid interface (ALI) model of BCi-NS1.1 RSV infection 

  



Chapter 2  Materials and Methods 

2.1 Bioinformatics analysis 

2.1.1 Data set Selection 

Publicly available microarray datasets were obtained from the Gene Expression Omnibus (GEO) 

repository. Datasets were found by entering the terms “RSV” OR “Influenza” OR “SARS” AND 

“epithelial” into the GEO datasets advanced search builder. The results were filtered by species 

(Homo sapiens) and then manually searched to identify experiments that met the following criteria: 

1. Primary human airway epithelial cells were used in an ALI culture model  

2. Uninfected or mock infected samples were included 

3. Each treatment group contained at least 3 replicate samples  

The datasets chosen for this work are summarised in Table 1. Where additional treatment 

conditions are included in the full dataset but not used for this project, the chosen variables are 

highlighted bold. Citations refer to published research articles using the GEO data. Data sets can be 

accessed from the NCBI GEO database.  

Table 1. Details of Microarray data sets used in this project 

DataSet  Platform Virus(es) Model Summary Ref. 
GSE32138 GPL6480 

Agilent- Human 
Genome 
Microarray 
G4112F 

RSV244         MOI 5 
IAV                MOI 1 
(A/Udorn/307/1972/H3N2) 

ALI differentiated 
Primary Human  
bronchial epithelial 
cells   

Infection duration: 2h apical 
RNA Harvest HPI: IAV (24h). RSV (48h).  
Controls: Time matched media only 
Replicate arrays: 4 per condition 
Total Arrays: 16/16 

(105) 

GSE47961 GPL6480 
Agilent- Human 
Genome 
Microarray  
G4112F 

SARS-CoV1   MOI 2 
IAV                 MOI 2         
(A/CA/04/2009/H1N1) 
 
Not used: 
SARS-ddORF6  
SARS-BatSRB 

ALI differentiated 
Primary  Human- 
tracheobronchial 
epithelial cells 

Infection Duration:.2h apical 
RNA Harvest HPI: SARS-CoV1 (0, 24, 36, 48, 
60, 72, 84 and 96 h). IAV (0, 6, 12, 18, 24, 36 
and 48h) 
Controls: Time matched media only 
Replicate Arrays: 3-4 per condition using the 
same cell stock for all replicates 
Total Arrays Used: 88/141 

(106) 

 

Microarray data sets obtained from NCBI Gene expression omnibus (GEO) repository were chosen based on their use of 
ALI differentiated airway epithelial cells in respiratory viral infection experiments. Details of these data sets can be 
obtained from the NCBI GEO website. 
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2.1.2 Pre-Processing and Quality Control 

Data set re-analysis was performed using RStudio (v 4.1.0) with the R programming language (107). 

Experiment metadata was obtained from the NCBI GEO database and imported into RStudio using 

the GetGEO function from the R package GEOquerry (108). This function also imports normalised 

expression data provided by the authors, however, to maintain consistency between datasets, raw 

data files were downloaded manually from supplementary files provided on the NCBI GEO website. 

As both data sets were generated using the same microarray platform, they were imported and pre-

processed using the same overall pipeline of functions from the Linear Models for Microarray data 

(limma) package (109) (R script: Appendix A1 and A2). Unless otherwise stated, all functions 

described here are part of the limma package. Raw array intensity files were imported to RStudio 

using the read.maimages function with source specified as “Agilent” and single colour array 

indicated with green only = TRUE.  Control probes and background intensities were included with the 

raw data, allowing for normalisation using the neqc function. By this method, the background probe 

intensities are first subtracted from foreground intensities and then the negative control probes are 

used for normal + exponential (normexp) background correction. An offset is added to the 

background-corrected data followed by quantile normalisation using both positive and negative 

control probes. The normalised intensity values are then log2 transformed and the control probes 

removed. After neqc normalisation, intensities from replicate spots were averaged and boxplots 

were generated to confirm successful normalisation.   

The data were further explored using multidimensional scaling (MDS) to graphically represent the 

relationship between the arrays. The plotMDS function applies a variation of traditional MDS or 

principal components analysis particularly appropriate for microarray data. A Euclidian (root-mean-

square deviation) distance measure is computed for each pair of samples in the data set, using the 

genes which most distinguish those samples. The default function uses different genes for each 

pairwise comparison, ensuring that distances between samples on the resulting scatterplot 



approximate the leading log2-fold change between samples. Samples were coloured by group 

membership (infected/uninfected) or time point as required. Hierarchical clustering using wards 

linkage was also used to generate dendrogram’s from the normalised data. Finally, probe 

annotations provided by the authors were updated using the clusterProfiler package (110) with the 

hgug4112a.db database and unlabelled probes were removed prior to differential expression (DE) 

analysis. 

 

2.1.3  Differential Expression Analysis 

DE analysis was performed for all data sets to compare expression between infected and mock-

infected samples (R Script: Appendix A3). A standard limma model fit was applied with experimental 

variables defined in a design matrix. The chosen comparisons were then applied to the model as a 

contrasts matrix and the empirical Bayes (eBayes) procedure was used to determine test statistics 

including log2 fold change (log2FC) between stated comparisons, P values and false discovery rate 

(FDR) adjusted P values computed to control for multiple hypothesis testing. Limma uses the 

Benjamini and Hochberg's (BH) method to control for the FDR. In practice, this means that for a 

threshold FDR value of 0.05, the expected proportion of false discoveries should be less than 5%. For 

this analysis, genes were considered DE with FDR values below 0.05 and an effect size greater than 

log2FC 1 in either direction (log2FC >= 1 or <-1). The result of this analysis genome wide was 

visualised as volcano plots generated using the EnhancedVolcano package (111). DE gene counts 

were determined at the gene level by first averaging test statistics of genes with multiple probes 

using the aggregate function. The overlap in DE genes within each experimental group, were 

visualised using the VennDiagram package (112). 
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2.1.4 Time Series Analysis 

 Normalised (neqc), gene level expression data from the GSE47961 H1N1 and SARS-CoV1 arrays 

were additionally analysed as independent time series using the maSigPro package (113). This 

package applies a two-step regression strategy to identify significant changes in gene expression 

over time and between experimental groups. First, a global regression model is applied to each gene 

with regression variables (eg H1N1vsMOCK) defined in a design matrix. Genes with significant 

changes are selected with a threshold FDR of 0.05. Stepwise regression is then applied to compare 

differences between experimental groups and identify significant differences in expression profiles 

over the course of infection.  

Cluster analysis using the “hclust” (Hierarchical clustering) method with “ward.D” agglomeration was 

used to group significant genes with similar expression patterns based on the correlation “cor” 

distance metric. The average intensity values for genes in each cluster are presented as graphs 

showing results from both infected and control arrays at all time points. R script for this analysis is 

included in Appendix A4.  

 

2.1.5 Data Analysis: Pathway Annotation 

Significantly DE genes from the GSE32138 limma analysis as well as important maSigPro clusters and 

significantly DE genes from peak time points from the GSE47971 analysis were annotated using the 

clusterProfiler R package. The enrichGO function was used to perform over representation analysis 

(ORA) for gene ontology Biological process (GO:BP) terms. Lists of upregulated and downregulated 

genes were analysed separately and were ordered by log2FC. Significant, but not log2FC filtered, 

genes were used as background or “universe” gene sets (R Script: Appendix A5).  

Heatmaps were generated for genes with shared functional annotation, from gene level normalised 

intensity values, using the coolmap function from limma. In all cases, rows (genes) were scaled as Z-



Scores showing variation around the mean for a given gene. Both rows and columns (samples) were 

clustered using wards linkage for the GSE32138 data and columns were arranged by increasing time 

point for the GSE47961 data to allow easy visual comparison across the course of infection.  

 GO:BP terms relating to T cell recruitment or activation which were identified for each ORA, were 

reduced based on biological relevance to airway epithelial cell and T cell communication. The effect 

of each virus on DE of these genes were compared within datasets as both heatmaps of expression 

data and log2FC results.   

 

2.2 In Vitro culture Models 

2.2.1 Cell lines  

Vero E6 cells are a well-established immortalised cell line derived from African green monkey kidney 

cells. There is a long history of publications using this cell line for both propagation and 

quantification of RSV. They were used here during initial infections due to their known permissivity 

to infection. 

BCi-NS1.1 cells (114) (referred to as BCi throughout) are an immortalised human basal cell line 

derived from the large airways of a healthy non-smoker. They retain the characteristics of the 

original primary cells with multipotent differentiation capacity for over 40 passages. When grown 

under Air Liquid Interface (ALI) conditions, BCi cells form a pseudostratified layer comprised of 

ciliated columnar epithelium, mucus producing goblet cells and a basal cell layer. 

SABCi-NS1.1 (115) (referred to as SA-BCi throughout) are a similarly immortalized cell line derived 

from normal human small airway epithelium basal cells. Like BCi cells, these cells retain 

differentiation capacity and when cultured at the ALI and form layers of ciliated, club, and secretory 

cells. 
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PBEC primary cultures of bronchial epithelial cells (PBEC) were isolated from human lung 

parenchymal samples obtained during cancer resection surgery. Patient samples were anonymised 

and harvested by pathology staff from the University of Southampton with Ethical approval granted 

by the Southampton and Southwest Hampshire Research Ethics Committee. Lung tissue samples 

were cut to 1mm pieces and cultured in collagen coated T75 flasks containing PneumaCult Ex plus 

media (comprised of PneumaCult Ex Plus Basal media, 1x PneumaCult Ex Plus supplement, 0.1% 

Hydrocortisone Stock Solution, 0.1% Gentamycin and 0.05% Amphotericin) to encourage PBEC 

outgrowth.  In addition to this, the TL1831 sample was enriched with PBEC by taking brushes of 

visible large bronchioles present in the lung tissue sample. These cells were not used beyond 2 

passages.  

 

2.2.2 2D cell culture 

Culture vessels were coated in a 1/50 dilution of collagen (PureCol) prepared in sterile water prior to 

propagation or maintenance of cells. The flasks/plates were placed in an incubator, 37°C, 5% Co2, 

for 30 minutes to allow the collagen solution to polymerise.  Excess collagen was then removed and 

the flasks/plates were allowed to air dry under a tissue culture hood before use.    

The basic steps of cell culture were the same for each cell type with differences in culture media 

only. VERO cells were maintained in Dulbecco’s Modified Eagle media (DMEM) supplemented with 

10% Foetal Calf Serum (FCS), 4mM L-Glutamine, 1% Penicillin/Streptomycin and 1% Sodium 

Pyruvate. BCi cells were maintained in PneumaCult Ex Complete culture media comprised of 

PneumaCult Ex basal media, 1x PneumaCult-Ex Supplement, 0.1% Hydrocortisone Stock Solution, 

0.1% Gentamycin and 0.05% Amphotericin.  SA-BCi cells as well as PBEC isolated from lung tissue 

were maintained in the same PneumaCult Ex Plus Complete media used for initial PBEC isolation.  



In all cases, culture media was fully changed every 2 days until 60-80% confluent at which point the 

cells were passaged using a Trypsin solution to detach cells and then either split for continuous 

culture or seeded to new culture vessels as required. 

 

2.2.3 Air liquid interface culture 

Human airway epithelial cells from all three sources were differentiated using an Air liquid interface 

(ALI) culture method. Transwell membrane inserts (Corning) arranged in wells of a 24 well plate, 

were coated on the apical surface with a 1:10 dilution of collagen using the same method described 

in section 2.2.2. Prior to seeding, 800µl of PneumaCult Ex Plus culture media was added to the 

basolateral compartments and allowed to warm at 37°C, 5% CO2. Cells were seeded onto the apical 

compartments at a density of 1x105  - 2x105 cells per insert in 200 µl of PneumaCult Ex Plus culture 

media. The media was replaced every 2 days and changed to PneumaCult ALI media in both 

compartments at the third media change. After 2 more media changes, the cells were “airlifted” by 

removing media from the apical compartment. Subsequent media changes replaced only the 

basolateral media. Differentiation required approximately 3-4 weeks after transfer to ALI media. 

Beginning the second week after airlift, the apical compartments were gently washed in 200µl of 

HBSS to remove excess mucus. Differentiation was monitored both by visual observation of cilia 

movement by light microscopy and by using Trans Epithelial Electrical Resistance (TEER) to measure 

ionic permeability across the epithelial layer as an indicator of layer integrity. After initial 

experiments in which TEER was measured every 2 days post airlift, TEER was conducted once a week 

in conjunction with the weekly mucus washes. Briefly, 200µl of room temperature HBSS was added 

to the apical compartments of each insert and the pates were returned to the incubator for 10 

minutes to allow equilibration and TEER was measured using a Millicell ERS-2 Voltohmmeter. TEER 

readings > 800 Ohms were considered suitable for further experimentation however in practice cells 

were not used below 1000 Ohms (330Ohms*cm2). 
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2.3 Viral Infection 

2.3.1 Viral Strains 

The laboratory strain RSV-A2 was obtained from Virapur as pre-purified aliquots with an 

approximate concentration of 7x107 PFU/Ml. Stock RSV-A2 was stored as 15µl aliquots at -80°C for 

ongoing use. All handling of RSV-A2 was performed at BSL-2.  

 

2.3.2 2D culture infection  

Submerged Vero, BCi or PBEC cultures were infected with RSV-A2 in 12 well culture plates (Corning, 

well surface area: 3.8 cm2) or 4 well chamber slides (Nunc, Lab Tech, chamber surface area: 1.7 cm2 ) 

both coated as described previously with a 1:50 dilution of collagen. Each 12 well plate was seeded 

at a density of 200,000 cells per well and chamber slides were seeded at 100,000 cells per chamber.  

Vero cell monolayer infections were performed as 2-fold serial dilutions from an initial 1 in 10 

dilution of RSV stock, shown in Table 2. In all 2D infections, viral dilutions were prepared in infection 

media (Vero: DMEM plus 4nM L-Glutamate, BCi/PBEC: PneumaCult Ex Basal media, 1% pen/strep) 

and mixed well before adding to the cells.  

Table 2 RSV-A2 Serial Dilutions and per well concentration used for monolayer infections  

 RSV (µl) Diluent (µl) PFU (50µl) 

Dilution 1 50 Stock  450 3.5x105 

Dilution 2 250 D1 250 1.75x105 

Dilution 3 250 D2 250 8.75x104 

Dilution 4 250 D3 250 4.37x104 

Dilution 5 250 D4 250 2.18x104 

 

RSV serial Dilutions and estimated MOI. Stock RSV-A2 virus was diluted 1 in 10 in cell specific infection media. This 
first dilution (D1) was then serially diluted 1 in 2 to produce 5 concentrations of RSV. In each 12 well plate 
experiments (plaque assay or RNA collection) 50µl of each dilution was added to 250µl of media per well or 25 µl of 
viral dilution per 125µl of media per chamber of a 4 well chamber slide.  



The cells were washed twice with Infection media before adding 50 µl of each RSV-A2 dilution to 250 

µl Infection media per well (12 well plate) or 25 µl RSV dilution to 125 µl media per well (Chamber 

slides).  After pipetting to mix, the culture plates were placed in an incubator at 37°C, 5% Co2, for 2 

hours, pipetting the media again 1 hour after infection. The Infection media was then discarded to 

Virkon and the wells were washed twice in infection media. Finally, 1ml (per well) or 500 µl (per 

chamber) of Post infection media (Vero Infection medium + 5% FCS, BCi Infection media + 0.02% 

BSA) was added for a final incubation period of 72 hours.  

 

2.3.3 RSV Plaque Assay 

The modified plaque assay described by McKimm-Breschkin JL (116) was used with minor 

modification. Briefly, Vero or BCi cells were grown to near confluence in 12 well culture pates and 

infected with 2-fold serial dilutions of RSV as described in section 2.3.2. After the 2 hour incubation 

period, infection media was replaced with 1.5 ml of overlay media comprised of either agarose (0.3% 

or 0.5%) prepared in VERO Post infection medium or an overlay media of microcrystalline cellulose 

Avicel™. The plates were then returned for the incubator and left undisturbed for 6 days before 

fixing the cells by adding 2ml of 4% PFA through the Overlay and incubating at room temperature for 

30 minutes. The overlay and fixative were then removed, and the cells were stained with either 

0.05% Neutral Red or Crystal violet. Plaques are observed as discrete unstained regions of infected, 

metabolically inactive or dead cells which do not take up the dye. 

 

2.3.4 ALI culture infection 

ALI cultures were infected with RSV using the same basic protocol for both BCi and primary cell 

models. Briefly, the apical surface of each well was washed using 200µl of HBSS and the basolateral 

medium was replaced with 800µl of ALI Infection media (PneumaCult ALI basal media, 1X 



41 
 

Pneumacult ALI supplement, 1% pen/strep, 0.02% BSA). RSV stocks were prepared in HBSS to the 

specified concentrations and added to the cells in 50µl volumes. The bulk of experiments used 2.5 µl 

of RSV per well, approximately 1.75x105 PFU or an MOI of 1 for an estimated cell density of 1.8x105 

cells. Uninfected, HBSS only, controls were included with each infection. Viral concentrations for all 

volumes of stock used in ALI infections are shown per well in Table 3.  

Table 3 RSV-A2 concentrations used for ALI infection 

RSV (µl) Diluent (µl) PFU (50µl) 

20 30 1.40x1006 
10 40 7.00x1005 
5 45 3.50x1005 
2.5 47.5 1.75x1005 
1.25 48.75 8.75x1004 
0.625 49.375 4.38x1004 

 

The plates were returned to the incubator at 37°c and 5% Co2, with gentle pipette mixing of the 

apical viral solution after 1 hour. After 2 hours, the viral solution was discarded to Virkon and the 

apical surfaces were washed with 200 µl of HBSS twice, pipetting gently before removal of each 

wash. Samples were collected at 2hpi as baseline measures of RSV infection. The remaining cells 

were returned to the incubator for a further 70 hours for a total 72 hour infection.  

 

2.4 ICC/IHC and Immunofluorescence staining 

Samples were prepared for both chromogenic and fluorescent imaging of RSV or SARS-CoV2. 

Monolayer cell cultures were imaged in 4 well chamber slides (NunTec) which allows culture, 

infection, fixation and staining to occur directly on the slide used for imaging. The cells were fixed in 

4% Paraformaldehyde (PFA) for 30 minutes before washing gently in PBS. The cells were then 

permeabilised with 0.1% triton X-100 in PBS for 15 minutes at room temperature followed by 

RSV-A2 was used at fixed volumes for each infection. In practice, the above concentrations were achieved using 
serial dilution for volumes needed for each experiment. Results for ALI infections are described for each per well 
volume of RSV-A2. Apical RSV-A2 infections were performed in 50µl volumes comprised of the volume of RSV and 
HBSS diluent described here. PFU = Plaque forming units  



incubation for 1 hour in peptide blocking buffer (1% BSA in PBS plus 0.1% tween20). Primary 

antibodies (anti-RSV-A2 G – Rabbit Pab GTX70381) were prepared in the same blocking buffer and 

added at 1:500 dilution overnight at 4°C. After washing the cells (3x 5min) in PBS-T (0.1% tween), 

fluorescent labelled secondary antibody (Goat anti-Rabbit AF-568) was added in blocking buffer 

(1:500 dilution) for 1 hour at room temperature. After washing (3x 5min) unbound antibody with 

PBS-T, the nuclear dye DAPI was added for 5 minutes (1:1000 in PBS). After a final wash in PBS, the 

chambers were removed and a coverslip mounted using Mowiol. The slides were imaged once fully 

dry using an AxioskopII fluorescent microscope. 

ALI samples were fixed by adding 1ml of 4% PFA gently into the apical compartment of HBSS rinsed 

inserts, allowing the solution to overflow into the basal compartment. After 30 minutes at room 

temperature, the PFA was removed and the inserts were placed into 70% ETOH for transfer to the 

histochemical research unit (HRU) for paraffin embedding. Wax embedded transwell membranes 

were cut to 5µM sections using a microtome and allowed to dry overnight on 3-

Aminopropyltriethoxysilane (APES) coated microscope slides. Wax was then removed in XTF Clearing 

Agent (CellPath) and the samples were rehydrated through grades of alcohol. Antigen retrieval was 

conducted by heating samples for 25 minutes in a microwave at 50% power in Citrate buffer (10mM 

Citric acid in dH2O. pH 6). For fluorescent imaging, the same permeabilization, blocking and antibody 

incubation steps described for monolayer slides were then used for these samples. SARS-CoV2 

staining was conducted using an in house rabbit polyclonal anti-SARS-CoV2-N antibody at 1:400 

dilution.  

For chromogenic staining with DAB, dewaxed and rehydrated sections were treated with 0.5% 

Hydrogen peroxide in Methanol for 10 minutes to block any endogenous peroxidases.  This also 

removes the need for further permeabilization. The same Antigen Retrieval, peptide blocking, and 

primary antibody incubation steps were then followed. HRP-conjugated anti-rabbit secondary 

antibody (1:1000) was added for 1 hour at room temperature. After washing the slides in PBS, the 
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chromogenic substrate was added for 5 minutes. The slides were then rinsed in PBS and placed in 

running tap water for 5 minutes before briefly counterstaining with Haematoxylin and rinsing in 

running tap water for a final 5 minutes. The slides were then dehydrated through increasing grades 

of alcohol followed by XTF clearing reagent and coverslip mounting.    

 

2.5 qPCR  

2.5.1 Sample Collection and RNA Isolation 

To collect samples for RNA isolation, transwell or monolayer cultures were rinsed to remove 

unbound RSV or media before adding 1ml of Qiazol reagent per well or transwell insert. In ALI 

experiments, the Qiazol was allowed to overflow from the apical compartments ensuring both sides 

of the membrane were in contact with the reagent. After a few minutes the Qiazol/cell solution was 

transferred to sterile RNAse free 1.5ml Eppendorf tubes, pipetting each sample carefully during 

collection. Samples were left at room temperature for 5 minutes to ensure full dissociation before 

being stored at -80c or proceeding to RNA isolation.  

RNA was isolated from Qiazol samples using phenol chloroform extraction. Briefly, each 1ml Qiazol 

sample was vigorously mixed with 0.2ml of Chloroform for roughly 15 seconds. After resting for 5 

minutes at room temperature, the samples were centrifuged at 12,000xg for 15 minutes at 4°C to 

induce phase separation. The top aqueous phase was transferred to pre-prepared 1.5ml Eppendorf’s 

containing 0.5ml Isopropanol and 20ug of Glycogen. The samples were briefly vortex mixed then 

placed at -20°C to incubate for 20 minutes before repeating centrifugation to pellet RNA. The 

supernatant was removed and the visible RNA pellet was washed twice with 1ml of 75% Ethanol, 

centrifuging at 12,000xg for 10 minutes at 4°C in between washes. After removing the final wash, 

residual Ethanol was allowed to evaporate before dissolving the RNA pellet in 15µl of Nuclease Free 



water. RNA samples were then quantified using NanoDrop 1000 software (Thermo Fisher Scientific) 

and stored at -80°C. 

 

2.5.2 Reverse Transcription 

RNA was reverse transcribed to complementary DNA (cDNA) using reagents from Applied 

biosystems. For each sample, 250ng of RNA was prepared to a volume of 13.2μl in RNAse-Free 

water. This was added to 6.8 μl of Reverse transcription master mix containing: 2μl 10 x RT random 

primers, 2μl 10 x RT buffer, 0.8μl deoxyribonucleotide triphosphate (dNTP) mix, 1μl RNAse inhibitor 

and 1μl Multiscribe Reverse Transcriptase. The final 20μl volumes were then exposed to thermal 

cycling at 25°C for 10 min, 37°C for 2 h and 85°C for 5 min using a Tetrad DNA Engine Thermal Cycler 

(MJ Research/Bio-Rad Laboratories CA, USA). Samples of cDNA were then diluted 1:10 in RNAse-Free 

water and stored at 4°C.  

 

2.5.3 Quantitative PCR (qPCR) 

Quantitative PCR (qPCR) was performed using TaqMan® probe–based assays (Table 4) in 384 well 

pates. A 1 µl aliquot of each diluted cDNA sample was added to 4 µl of primer master mix (2.5µl of 

TaqMan Universal Master Mix II (Applied Biosystems), 1.25μl of RNAse-free water (Sigma) and 

0.25μl of appropriate TaqMan primers) per well. Reactions were performed in duplicate and 

amplified using the following cycling parameters: 95°C for 10 min and 40 cycles of 95°C for 15s and 

60°C for 1 min using a 7900HT Fast Real-Time PCR System. 
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Table 4. qPCR TaqMan probe assays 

Primer Fluorescent label TaqMan Assay ID 

HPRT1 VIC Hs502800695_m1 
GAPDH VIC Hs02758991_g1 
RSV-N FAM 1305382 A7 
CXCL10 FAM Hs00171042_m1 

 

Relative gene expression was determined using the comparative Ct or ΔΔCt method proposed by 

Livak et al (117). By this method, averages of technical replicates of all experimental and baseline Ct 

values are first normalised to an endogenous control or housekeeping gene (HKG) before the 

resulting baseline ΔCt values are subtracted from the experimental ΔCt as shown below: 

∆∆𝐶𝐶𝐶𝐶 =  (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸 𝐺𝐺𝐺𝐺𝐺𝐺 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸 𝐻𝐻𝐻𝐻𝐺𝐺) −  (𝐵𝐵𝐸𝐸𝐵𝐵𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐺𝐺𝐺𝐺𝐺𝐺 − 𝐵𝐵𝐸𝐸𝐵𝐵𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐻𝐻𝐻𝐻𝐺𝐺) 

In this work relative expression was calculated using either uninfected or 2hpi samples as baseline 

measurements. As described in the livak method, final fold changes are calculated as:     2− (∆∆𝐶𝐶𝐶𝐶) 

 

2.5.4 Statistical Analysis 

Statistical analysis for in vitro experiments was performed using GraphPad Prism (version 9.2 

GraphPad Software, San Diego, USA) using non-parametric Wilcoxon matched-pairs signed rank test 

to compare fold changes between infected and uninfected samples or between RSV infection 

concentrations. Statistical significance was determined as p<0.05 however no comparisons met this 

threshold.  

All Bioinformatics statistical analysis was performed using the packages described in the 

Bioinformatics methods.  

  

TaqMan assays used in individual qPCR single-plex experiments were purchased from ThermoFisher. All primers 
were used at the recommended volumes with TaqMan Universal Master Mix II (Applied Biosystems). 



Chapter 3 Comparison of viral gene expression datasets 

3.1 Introduction 

Databases containing published transcriptomics data such as the NCBI GEO repository are an 

invaluable resource for researchers looking to explore new hypotheses on existing data. Additional 

data sets are continually added with an increasing expectation that raw data will be made available 

to the research community with new publications. Whilst independent control of experimental 

parameters is lost, this collaborative approach to research and data sharing reduces the need for 

experiments to repeated unnecessarily and allows for data generated from multiple sources to be 

combined and compared in a single new analysis.   

In this project, the NCBI GEO repository was used to obtain transcriptomic data generated from 

airway epithelial cell models of common respiratory viral infections. To allow for differential 

expression analysis, time-matched uninfected controls needed to be included with each data set as 

well as sufficient replicate samples of each experimental condition. The search was further restricted 

to only human ALI models due to the improved biological relevance of this approach over 2D 

cultures. While this greatly decreased the number of available data sets, maintaining consistency in 

experimental design was prioritized to minimise the impact of variables other than infection on the 

analysis.  

The two data sets ultimately selected for this project describe microarray gene expression changes 

in ALI cultures infected with four respiratory viruses, two per data set. They were ideal for 

comparative analysis as both data sets were generated from experiments using primary human 

bronchial epithelial cells in ALI culture with similar infection protocols. Both data sets also used the 

Agilent single colour Human Genome Microarray - G4112F platform, which removed an additional 

source of technical variation between datasets. An overview of the experimental models used by the 
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publishing authors as well as citations for any associated published work are included prior to the 

results subsection for each data set. 

Data from each viral infection were processed as independent experiments followed by comparison 

of gene expression differences within data sets and across viral infections. Direct comparison of gene 

expression at each time point in response to different viruses was not performed due to the 

expected impact of experimental variables on the results. Importantly for this project, antiviral and 

inflammatory gene expression in infected samples would be impacted by differences in viral load. 

This could vary throughout an infection due to factors including the initial viral inoculum and the 

health or phenotype of the target cells, in addition to incubation time.   

Differentially expressed genes from each experiment were used for pathway analysis and these 

results were contrasted across viruses, using time points with the greatest magnitude of change 

where relevant. The data were additionally filtered to explore any patterns in gene expression with 

roles in T cell activation and recruitment pathways. This following chapter describes the steps taken 

to fulfil the first and second aims of this project; analysis and comparison of transcriptomic data 

generated from virally infected PBEC ALI models of respiratory viral infection. 

 

 

  



3.2 Results 

3.2.1 GSE32138 Analysis 

GSE32138 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32138) produced by Ioannidis 

et al, explores infection with two common respiratory viruses, RSV and a seasonal strain of IAV 

(H3N2). For these experiments, the authors utilized Human airway tracheobronchial epithelial cells, 

obtained from airway specimens taken during resected at lung transplantation. Isolated epithelial 

cells were transferred to Transwell inserts for ALI differentiation over 4-6 weeks. 

The differentiated cells were infected for 2h with either Influenza- A/Udorn/72 H3N2 viruses at MOI-

1, relative to the apical cells, or the laboratory strain RSV-A2 at MOI-5. The H3N2 infection was 

incubated for 24 hours post infection while RSV-A2 was incubated for 48 hours. Mock infected 

controls were simultaneously exposed to the same experimental conditions and incubation times 

without virus added.  

Cells from two separate human donors were used to create four samples per condition, resulting in 

sixteen arrays in total. Infected cultures used two samples from each donor and mock-infected 

cultures were all from the same donor. Information on which samples were generated from each 

donor was not provided with the raw data files, however the authors state that no indication of 

donor effects was observed (Published data from this analysis (105)). 

 

 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32138
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3.2.1.1 Pre-Processing and Quality control Testing  

The raw array intensity files from this data set were appropriately normalised using the NEQC 

background correction and quantile normalisation. Boxplots of the log transformed raw expression 

data show minor variations in probe intensity between arrays within each group and larger 

differences across groups prior to normalisation. Following background correction and quantile 

normalisation the spread of the data is even across all arrays Figure 3-1.

 

Figure 3-1 GSE32138 array intensity values before and after NEQC normalisation 

 

The structure of the normalised data was visualised using multidimensional scaling (MDS) and 

hierarchical clustering Figure 3-2. The arrays clustered into 4 distinct groups based on experimental 

treatment.  Using MDS, arrays in both infection groups were separated from arrays in the mock-

infected treatment groups along the x-axis, or first dimension which explains 60% of the data 

variation. H3N2 infection arrays (Green) are particularly distinct along this axis while RSV infection 

arrays had greater variation from controls along the y-axis or second dimension which explains 18% 

of variation. The 4 arrays belonging to each mock-infection group, Mock.RSV (Yellow) and 

Mock.H3N2 (Pink), also clustered together based on treatment group with slight separation along 

dimension 2.   

B A 

GSE32138 array intensity values were normalised using the NEQC function from the limma package. This 
approach uses the control probe data included with the raw files to perform background correction 
followed by quantile normalisation. Intensity values for all arrays are visualised as boxplots both before (A) 
and after (B) normalisation. Arrays are coloured according to group membership.  



Hierarchical clustering generated a similar pattern; individual arrays clustered by group membership 

and the H3N2 infected samples were separated from the other arrays at the first branch of the 

dendrogram. RSV infected samples were clustered with the least distance from mock infected 

samples, showing the most similarity to arrays from the Mock.RSV group. No outliers were present 

in the data. 

 

Figure 3-2 GSE32138 arrays cluster by treatment group 

 

3.2.1.2 H3N2 and RSV: Differential expression analysis 

Differential expression (DE) analysis of infected arrays relative to mock infected controls identified a 

total of 4540 genes affected by H3N2 and only 674 genes affected by RSV beyond the chosen 

threshold for significance (Adjusted P value 0.05) and effect size (log2FC > 1 or >-1). As displayed in 

Figure 3-3, 520 DE genes were common to each infection, 4020 genes were DE by H3N2 alone and 

just 154 genes were uniquely DE by RSV.  

H3N2 infection resulted in close to equal numbers of upregulated (2038) and downregulated (2457) 

genes while RSV infection resulted in 530 upregulated genes and only 144 downregulated genes.  

A B 

A) MDS plot showing the variation between normalised intensity values from the GSE32138 data. Spots represent 
individual arrays coloured by viral agent (RSV = Blue, IAV = Green) used during PBEC infection or time matched 
mock infection (mock.RSV = Yellow, Mock IAV = Prink). The distance between points approximates the greatest 
log2FC between samples, B: Dendogram produced from hierarchical clustering of the same data using ward 
linkage.  
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The overall magnitude of DE was also larger in response to H3N2 infection than it was for RSV. 

Volcano plots showing the log2FC in both directions generated for time matched DE analysis of each 

viral infection are shown in Figure 3-4. Each point represents a single gene positioned on the plot 

based on log2FC (x-axis) and significance p. values (y-Axis).  Vertical and horizontal bars respectively 

show thresholds of effect size and significance. The few genes downregulated by RSV have relatively 

low log2FC values as well as significance. In contrast, the H3N2 data shows a broader spread both 

values and a concentration of genes with higher log2FC.   

 

Figure 3-4 GSE32138 Volcano Plots: H3N2 has a larger and more varied impact on gene expression than RSV 

 

Figure 3-3  H3N2 resulted in differential expression of 4020 genes 
not impacted by RSV.   

Venn diagram showing the number of combined 
upregulated and downregulated genes from each viral 
infection. Generated from time matched DE analysis.  

A B 

GSE32138 expression data were normalised using NEQC methods and DE analysis was performed using LIMMA for 
infected samples relative to mock infected controls. The result of this analyses for IAV (H3N2) A. and RSV (B) are 
visualised as volcano plots with significance P values represented in the -Log10 scale to show genes with greater 
significance as higher values on the Y axis. Vertical dotted lines indicate log2FC threshold of 1and the horizontal line 
marks the equivalent P value for an adjusted P value cut of 0.05.  



Significantly DE genes identified from each viral infection were taken for pathway annotation and 

ORA using the clusterProfiler package. The background (Universe) gene set was comprised of all 

genes with FDR < 0.05 without filtering by effect size.  From 2038 genes upregulated by H3N2 and 

530 upregulated by RSV, 1854 and 477 were mapped to GO:BP terms respectively.  The most 

significantly enriched terms were associated with the immune response for both viral infections, as 

shown in Figure 3-5 (A and B).  

H3N2 infection caused more significant enrichment of cytokine focused GO:BP terms such as 

“cytokine-mediated signalling pathway” (GO: 0019221) than RSV. There were 152 genes (FDR 

8.67x10-31) from this pathway term upregulated by H3N2 and only 58 (FDR 2.33x10-13) upregulated 

by RSV. Specific antiviral terms were enriched with very similar (or slightly stronger for RSV) FDR 

adjusted P values by both viruses despite H3N2 resulting in upregulation of more genes from this 

term, for example H3N2 upregulated 106 genes (FDR 7.69x10-24) from “defence response to virus” 

(GO:0051607) while 73 genes (FDR 2.18x10-29) were upregulated by RSV. This equates to roughly 

50% of all mapped genes upregulated by RSV.  

Genes downregulated by H3N2 were significantly enriched for pathway terms relating to cilia, for 

example “cilium organisation” (GO:0044782) and “microtubule-based movement” (GO:0007018). 

ORA of the genes downregulated by RSV did not identify and significantly enriched terms (FDR < 

0.05), however genes inhibited by RSV were mapped to terms relating to cellular metabolism such as 

“lipid metabolic process” (GO:0006629) and “organic acid metabolic process” (GO:0006082).   
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Genes relating to antiviral immunity were among the most highly upregulated by both viruses with 

many IFN related genes showing comparable levels of DE by RSV and H3N2.  H3N2 additionally 

resulted in significant upregulation of cytokine encoding genes, which were not DE by RSV. 

Normalised expression values for all 82 genes, from either DE gene list, mapped to “defence 

response to virus” were visualised as a heatmap to compare data from RSV and H3N2 infection 

Figure 3-6. Data from both infected and mock-infected arrays for each experimental condition are 

GSE32138 expression data were normalised using NEQC methods and analysed for DE using Limma. Significantly up- and 
downregulated genes from each viral infection were annotated using clusterProfiler with significant genes, with no effect size 
filter, used as the background gene set.  Plots are coloured by FDR adjusted P value. A & B show the 10 most significantly 
enriched GO:BP terms from genes upregulated by H3N2 and RSV respectively. C & D show GO:BP terms enriched for 
downregulated genes. 

Figure 3-5 Over representation analysis using clusterProfiler identified upregulation of immune system pathways and downregulation 
of cilia formation and cellular metabolism by H3N2 and RSV 



shown with rows (genes) scaled as Z-Scores, showing variation around the mean expression value of 

each gene. Hierarchical clustering of rows as well as columns (arrays) was performed using Wards 

algorithm. Replicate arrays for each experimental treatment group clustered together, including 

mock-infected arrays.  

Log2FC and adjusted P values from time matched differential expression analysis for a selection of 

these genes are included in Table 5. There was comparable upregulation of most type-I IFN inducible 

genes in response to infection with both viruses including the interferon regulatory factor genes 

(IRF7 and IRF9), interferon stimulated genes (ISG15 and ISG20) and OAS and IFIT family members. 

There was a larger difference in expression of both type I and type III IFN genes, specifically, RSV had 

no impact on any type I IFNs while H3N2 caused DE of several variants of IFNa (IFNA4, IFNA21, 

IFNA8, IFNA14, IFNA5, IFNA10) as well as IFNE and IFNB1. The log2FC for these genes was lower than 

for the type III IFNs however as H3N2 had a particularly strong impact on expression of IFNL1, IFNL2 

and IFNL3. All three of these genes were also DE by RSV, to a lesser extent.  
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Table 5 GSE32138 Time matched DE of GO:BP Defence response to virus 

 

 RSV  H3N2    RSV  H3N2  
SYMBOL Log2FC FDR Log2FC FDR  SYMBOL Log2FC FDR Log2FC FDR 

OASL 8.68 4.86E-13 9.87 3.10E-14  ISG20 3.29 3.13E-13 3.78 1.71E-14 
IFI44L 7.44 1.62E-14 6.18 3.65E-14  IFNL3 2.8 1.44E-11 10 4.13E-18 
RSAD2 7.31 5.28E-14 8.94 8.27E-16  IRF9 2.62 2.25E-11 1.68 8.34E-10 
IFIT2 6.93 1.13E-11 7.93 1.75E-13  STAT2 2.45 8.94E-07 2.44 1.39E-09 
ISG15 6.72 1.94E-06 6.4 8.87E-11  TLR3 2.14 1.06E-07 2.11 1.27E-08 
OAS2 6.47 5.64E-13 6.12 6.36E-13  TLR2 1.31 8.62E-05 2.88 1.31E-09 
IFIT1 6.44 1.76E-14 6.41 7.08E-15  IFNE 0.78 3.56E-04 3.09 8.76E-12 
IFIT3 6.42 1.03E-13 7.35 7.08E-15  IFNGR2 0.67 5.39E-05 2.75 5.39E-13 
OAS3 6.39 1.62E-14 5.92 1.13E-14  TNFAIP3 0.64 1.10E-02 5.67 7.08E-15 
STAT1 4.86 6.10E-13 4 3.96E-13  IFNB1 0.51 4.99E-02 7.49 1.82E-14 
IRF7 4.16 1.47E-11 4.25 4.72E-12  TRIM15 0.17 5.83E-01 5.57 2.24E-12 

IFITM1 3.73 2.55E-08 3.69 3.08E-09  IFNA8 0.01 9.77E-01 3.22 2.22E-11 
IFNL1 3.71 5.96E-12 10.39 2.05E-17  IFNA14 -0.07 8.76E-01 3.14 4.88E-09 
IFNL2 3.3 8.51E-12 10.87 4.13E-18  IFNA4 -0.13 6.44E-01 5.49 3.35E-13 

Figure 3-6 GSE32138: H3N2 resulted in stronger DE of antiviral genes than IAV (H3N2) 

GSE32138 expression data were normalised using NEQC methods and analysed for DE using Limma. Significant DE 
genes with relevance to “Defence Response to Virus” were identified using ClusterProfiler. This heatmap shows 
normalised expression data for all arrays from this data set. Both rows and columns were clustered using ward 
linkage. Group membership of each of 4 replicate arrays are shown as coloured bands for each infection group.  

Time matched DE analysis was performed on NEQC normalised expression data, the result of this analysis for genes 
with relevance to “Defence Response to Virus” in either gene list, identified using ClusterProfiler. are shown as log2 
fold change (log2FC) with significance determined by FDR adjusted P value. AdjP values are shaded by significance 
with a 3-point scale. Yellow = >0.05. 



3.2.1.3 H3N2 and RSV: PBEC – T cell gene expression 

Enrichment of T cell related genes were identified by filtering for relevant GO:BP terms from the 

total ORA results for upregulated DE genes from each viral infection (Figure 3-7) . The significance 

values assigned to these terms were lower than for the more general terms discussed previously, 

however, there was moderately significant representation of terms including “T cell migration” 

(GO:0072678) and “T Cell activation “(GO:0042110) in the H3N2 generated gene set, the latter being 

mapped to 121 genes significantly DE by this virus. RSV infection resulted in weaker enrichment of 

most of these terms than H3N2, especially concerning T cell migration” which was not significantly 

overrepresented in the RSV gene list with only 7 DE genes mapped to this term. Both viral infections 

resulted in similar, weak, enrichment of GO:BP “antigen processing and presentation” (GO:0019882) 

and “negative regulation of T cell activation” (GO:0050868), despite RSV resulting in considerably 

fewer DE genes overall. Table 6 shows FDR values calculated from ORA of these T cell terms.  

 

 

Figure 3-7 GSE32138 T cell recruitment and activation pathways were more significantly overrepresented in the H3N2 
upregulated genes 

Differentially expressed genes identified from the GSE32138 data set using limma, were annotated using over 
representation analysis with the clusterProfiler package. The normalised expression data were analysed for DE 
genes using limma. The 2038 genes significantly upregulated by H3N2, and 530 genes significantly upregulated 
by RSV, were analysed relative to all genes with adjusted p values < 0.05 in each infection analysis. The resulting 
GO biological process pathway terms identified for each virus were filtered to show pre-determined T cell 
activation or recruitment terms if they were enriched for each gene list. H3N2 infection (A) produced significant 
results for all terms. RSV infection (B) was less significant.  
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Table 6 GSE32138 H3N2 and RSV DE genes were enriched for T cell activation and recruitment GOBP terms 

  H3N2  
(1854 
genes) RSV  

(477 
genes) 

ID Description Count FDR Count FDR 

GO:0042110 T cell activation 121 2.71E-18 37 8.91E-06 

GO:0002456 T cell mediated immunity 35 2.08E-09 20 1.26E-06 

GO:0050870 positive regulation of T cell activation 60 2.56E-09 20 7.22E-04 

GO:0072678 T cell migration 23 3.06E-07 7 1.07E-02 

GO:0019882 antigen processing and presentation 29 9.34E-05 18 8.27E-05 

GO:0050868 negative regulation of T cell activation 25 5.13E-04 15 9.16E-05 

 

The 23 genes matched to “T cell migration” in the H3N2 data were reduced to 6 with relevance to 

PBEC – T cell recruitment. There were no additional unique genes relating to this subject in the RSV 

ORA.  Expression data for these 6 genes are shown as a heatmap in Figure 3-8 and the corresponding 

differential expression statistics are shown in Table 7.  Both viruses had a particularly strong impact 

on the chemokine genes CXCL10 and CXCL11, which were among the most highly DE in each analysis. 

However, the log2FC for all genes in this category were higher for H3N2 than they were for RSV. 

CCL5 was the most highly upregulated CC chemokine in the RSV analysis followed by CCL20. Log2FC 

for these genes were more than twice as high in response to H3N2. Finally, RSV had no significant 

impact on CCL3 or CCL2, both of which were upregulated by H3N2, CCL3 with particular abundance.  

The 114 genes matched to “T cell activation” from one or both gene lists were reduced to 28 with 

relevance to this project. This PBEC – T Cell Activation gene set was further categorised into two 

groups based on whether the gene products are secreted cytokines or surface bound e.g., co-

stimulatory molecules or MHC receptors. There was comparable low upregulation of most MHC 

encoding genes with the exception of HLA-DPA1, which was not upregulated by H3N2. A heatmap 

generated from expression data for these genes (Figure 3-9) shows that this might not be a reliable 

finding as the mock infected H3N2 baseline samples show mixed intensity values for this gene.  

The remaining genes in this category were DE by H3N2 to a greater extent than they were by RSV. 

Only 5/14 cytokine genes were significantly DE by RSV, and those 5 were upregulated with relatively 

T cell recruitment or activation related Gene ontology biological process terms were identified from ORA performed for 
genes upregulated by H3N2 and RSV using the clusterProfiler R package. The number of genes mapped to each term are 
shown along with the enrichment significance p value, adjusted for multiple hypothesis testing (FDR)  



small log2FC compared to H3N2. This difference was most substantial for IL6, IL1B and TNF, all of 

which were not altered beyond the significance threshold by RSV but were highly upregulated by 

H3N2 (Table 8).  

 

Table 7 Pairwise differential expression of GSE32138 RSV and H3N2 infected PBEC relative to time matched controls for 
gene in the PBEC - T cell Migration gene set 

 RSV  H3N2  
SYMBOL log2FC FDR log2FC FDR 
CXCL11 6.8 3.44E-12 12.09 1.95E-16 
CXCL10 7.6 1.62E-14 11.97 3.35E-17 

CCL5 4.01 2.50E-11 8.9 8.13E-16 
CCL3 0.05 9.39E-01 8.23 1.47E-11 

CCL20 2.43 1.44E-03 6.53 5.55E-09 
CCL2 -0.06 9.52E-01 6.49 1.14E-08 

 

Figure 3-8 H3N2 resulted in consistent upregulation of genes in the PBEC - T cell Migration gene set 

Heatmap generated from normalised GSE32138 array intensity values for genes classified into the PBEC – T cell Migration 
gene set. Rows (genes) have been scaled as Z-Scores showing variation of expression around the mean expression for each 
gene, Blue shaded boxes indicate genes with up to 2 standard deviations lower than the mean, red boxes indicate genes with 
expression up to 2 standard deviations above the mean. All 4 replicate arrays are included and are labelled at the base of the 
plot. Arrays as well as genes were clustered using Wards linkage.  Coloured bars at the top of the plot correspond to each 
treatment group and show good clustering of arrays based on treatment. 

Log2 fold change (log2FC) values were calculated using pairwise differential expression analysis of RSV or H3N2 
infected PBEC ALI relative to mock infected controls. Results are shown for genes mapped to the GO:BP term “T cell 
migration”, with values arranged by decreasing log2FC from the H3N2 data.  Adjusted P values (FDR) are corrected for 
false discovery of multiple hypothesis testing using eBayes (limma). Values are coloured by significance in a 3-point 
scale with yellow indicating AdjP > 0.05.  
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Table 8 Pairwise differential expression of GSE32138 RSV and H3N2 infected PBEC relative to time matched controls for 
gene in the PBEC - T cell activation gene set 

 RSV  H3N2    RSV  H3N2  
SYMBOL log2FC FDR. log2FC FDR.  SYMBOL log2FC FDR. log2FC FDR. 

IL6 1.21 1.42E-03 10.48 1.02E-14  CD274 1.9 3.94E-05 6.22 5.03E-12 
IL1A 0.56 1.08E-02 8.87 2.89E-16  CEACAM1 2.87 2.61E-08 5.74 3.46E-13 
IL1B 0.15 7.01E-01 8.58 4.50E-14  CD83 0.99 1.99E-02 5.14 2.59E-10 
TNF 0.36 8.24E-01 7.11 3.03E-14  CD200 0.13 7.52E-01 3.4 3.13E-09 

IL23A 0.47 3.76E-02 7.09 7.08E-15  CD70 1.7 2.42E-06 3.22 1.22E-10 
TSLP 0.06 9.03E-01 2.73 1.10E-07  B2M 1.26 4.53E-05 2.91 3.88E-04 
IL33 0.25 6.49E-01 2.63 3.31E-06  HLA-G 2.43 4.21E-03 2.57 1.45E-03 

LGALS9 2.38 6.38E-04 2.53 5.61E-05  CD47 1.42 8.94E-03 2.04 8.10E-08 
IL12A 0.29 1.34E-01 2.01 2.09E-09  HLA-F 1.91 4.61E-09 1.84 1.79E-08 
IL15 1.31 1.42E-07 1.74 5.33E-10  HLA-E 1.78 4.79E-05 1.44 1.50E-05 

LGALS1 0.2 6.67E-01 1.6 7.58E-05  HLA-A 1.88 7.39E-09 1.43 2.08E-08 
IL12B -0.1 8.55E-01 1.53 1.44E-04  HLA-B 1.25 1.24E-07 1.18 2.57E-07 

IL4 0 9.97E-01 1.09 9.88E-05  CD276 0.35 9.43E-01 1.14 4.02E-05 
IL18 -0.02 9.48E-01 1.07 3.24E-05  HLA-DPA1 1.24 1.18E-02 -0.68 4.81E-02 

Heatmap generated from normalised GSE32138 array intensity values for genes classified into the PBEC – T cell Activation 
gene set. Rows (genes) have been scaled as Z-Scores showing variation of expression around the mean expression for each 
gene, Blue shaded boxes indicate genes with up to 2 standard deviations lower than the mean, Red boxes indicate genes 
with expression up to 2 standard deviations above the mean. All 4 replicate arrays are included and are labelled at the base 
of the plot. Arrays as well as genes were clustered using Wards linkage.  Coloured bars at the top of the plot correspond to 
each treatment group and show good clustering of arrays based on treatment. 

Figure 3-9 RSV and H3N1 expression of PBEC - T cell activation gene set 



 

The final PBEC-T Cell signature generated from the GSE32138 data set consisted of 34 genes with 

varied expression in response to RSV and H3N2. Almost half, 47% (16/34) were not DE by RSV, 

primarily genes from the secreted cytokine sub list. H3N2 also had minimal impact on 5 of these 

genes however the response to H3N2 was overall considerably stronger than RSV.  

 

  

Log2 fold change (log2FC) values were calculated using pairwise differential expression analysis of RSV or H3N2 infected PBEC ALI relative to mock 
infected controls. Results are shown for genes mapped to the GO:BP term “T cell Activation” split into tables based on the function of the gene 
product. A) Secreted cytokines, B) surface bound eg receptors. Values are arranged by decreasing log2FC from the H3N2 data.  Adjusted P values 
(FDR) are corrected for false discovery of multiple hypothesis testing using eBayes (limma). Values are coloured by significance in a 3-point scale with 
yellow indicating AdjP > 0.05.  
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3.2.2 GSE47961 Analysis 

GSE47961 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47961) produced by Mitchell 

et al, looks at two highly pathogenic viruses, a Californian isolate of the 2009 H1N1 strain of IAV and 

SARS-CoV1, the causative agent of the 2002 SARS outbreak. In this dataset, samples were collected 

at multiple time points post infection allowing for analysis of temporal differences in the epithelial 

response to infection with these viruses.  

Primary Human- tracheobronchial epithelial cells were differentiated using the ALI method. There is 

no specific description of donor allocation or number in the associated metadata, however the 

original authors state that the same cell stock was used for all replicate samples. Arrays for infected 

samples were performed in quadruplicate and mock-infected samples were analysed in triplicate, 

except for the 18h mock-infected array which was performed in duplicate. After ALI differentiation, 

the cells were exposed at the apical surface to either H1N1 (MOI-2) or SARS-CoV1 (MOI-2) for 2 

hours before washing and incubation up to a maximum of 48h (H1N1) or 72h (SARS-CoV1).   

This project re-analysed data from the 0, 6, 12, 18, 24, 36 and 48h H1N1 time points as well as the 0, 

24, 48, 60, 72, 84 and 96h SARS-CoV1 time points in addition to the corresponding mock-infected 

samples. The mock-infected samples were not infection specific so where time points overlap the 

same mock samples were used. The final data import consisted of 88 Agilent single colour arrays, 56 

infected and 32 mock infected, which as with the previous dataset, contain 45015 probes per array.   

 

 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47961


3.2.2.1  Pre-Processing and Quality Control testing. 

The GSE47961 arrays were imported to R-Studio and normalised using the same approach described 

for the GSE32138 data. There were no substantial differences between the raw array intensity 

values and NEQC background correction and quantile normalisation resulted in appropriately 

distributed arrays suitable for DE analysis Figure 3-10.  

 

No outliers were detected using MDS plots of normalised expression data and the arrays were 

clustered by treatment group overall (Figure 3-11 A). Treatment group clustering occurred along the 

first dimension (Dim 1) which explained 45% of the group variation. H1N1 arrays (Green) are most 

distinct while SARS-CoV1 arrays (Purple) are in close proximity to mock infected arrays (Pink) with 

some overlap of SARS-CoV1 24h arrays.  All 0h samples predictably group with controls regardless of 

infection group. H1N1 arrays additionally separate along Dim1 by time point; 6hpi samples are closer 

to SARS-CoV1 and mock arrays followed by 12h and 48h samples, then 18 and 36h samples, with 24h 

samples forming a tight cluster furthest from the other arrays. The 18h and 36h H1N1 infections are 

less distinct and arguably form two mixed clusters separated along Dim2 (10% of variation).  

GSE47961 array intensity values were normalised using the NEQC function from the limma package. This approach 
uses the control probe data included with the raw files to perform background correction followed by quantile 
normalisation. Intensity values for all arrays are visualised as boxplots both before (A) and after (B) normalisation. 
Arrays are coloured according to group membership.  
NEQC normalisation resulted in evenly distributed intensity values suitable for differential expression analysis 

A B 

Figure 3-10 GSE47961 array QC: Boxplots demonstrate successful NEQC normalisation and background 
correction 



63 
 

SARS-CoV1 arrays also formed loosely time point dependent groups; the 96h arrays were clustered 

together, and separated from 48h arrays by Dim2, and 72h and 84h arrays were closer to H1N1 6h 

arrays. However, most replicates of the 60h, 72h and 84h time points did not cluster together.  

Considerable overlap between SARS-CoV1 arrays and Mock-infected controls as well as clear 

separation of H1N1 arrays can be see with hierarchical clustering Figure 3-11 B. 

 

3.2.2.2 H1N1 and SARS-CoV1 Differential expression analysis 

The arrays from both infection groups were normalised together and treated as a single dataset for 

time matched DE analysis. There were no condition specific mock-infected controls in this dataset so 

where time-points overlap, the H1N1 and SARS-CoV1 infection samples were analysed relative to the 

same baseline sample. Time matched DE analysis identified both upregulated and downregulated 

genes at every time point post H1N1 infection (Table 9). As early as 6hpi there are over 200 

upregulated genes and the number of genes increases with increasing time point until 48hpi when 

there is a relative drop in DE numbers.  The highest number of genes were DE at 24hpi and 36hpi 

with a roughly even number of genes upregulated and downregulated beyond the significance and 

effect size thresholds at these time points.  

Figure 3-11 GSE47961 arrays cluster by treatment group using multidimensional scaling and Hierarchical clustering 

A) MDS plot showing the variation between normalised intensity values from the GSE47961 data. Spots represent 
individual arrays coloured by viral agent (SARS-CoV1 = Purple, H1N1 = Green) or mock infected control (Pink) used 
during PBEC infection. The distance between points approximates the greatest log2FC between samples.  
B: Hierarchical clustering of the same data using ward linkage.   

A. B. 



SARS-CoV1 infection had a considerably weaker impact on gene expression than H1N1, the greatest 

amount of total DE occurred at 48hpi with genes evenly up and downregulated. Slightly more genes 

were upregulated at 72 and 84hpi however there were still fewer genes DE by SARS-CoV1 at these 

time points than there were at 6hpi with H1N1.  DE gene counts at these time points are lower than 

the number of genes DE by H1N1 at 6hpi. No time points besides 48h resulted in downregulation 

with the exception of 3 genes downregulated at 24hpi and 1 downregulated at 96hpi. 

 

Table 9 Differentially expressed gene counts for H1N1 and SARS-CoV1 infection relative to time matched controls 

H1N1    
 

SARS-CoV1    

HPI NotSig UP Down   HPI NotSig UP Down 
6 18561 248 3   24 18798 11 3 
12 18115 580 117   48 18575 111 126 
18 17405 949 458   60 18715 91 6 
24 16284 1231 1297   72 18648 164 0 
36 16618 1195 999   84 18645 167 0 
48 17603 565 644   96 18714 97 1 

Differential expression analysis performed on NEQC normalised expression data. HPI = Hours Post Infection. Genes are 
counted as differentially expressed with a log2FC ≤ -1 or ≥1 AND an adjusted P value < 0.05. NotSig includes all genes not 
meeting both criteria. Expression data has been collapsed to gene level by taking the average of probe variants. 

 

As multiple timepoints were available with this data set it was possible to gain a deeper 

understanding of the impact of these viruses over the course of infection. To do this, the maSigPro 

package was used to analyse normalised expression data from each infection as individual time 

series with the results described separately for the H1N1 and SARS-CoV1 data.  
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3.2.2.2.1 H1N1 time series analysis 

H1N1 infection resulted in significant DE of genes from the earliest 6h time point with both up and 

downregulated genes showing peak DE at 18-24hpi. The maSigPro clustering approach identified 9 

distinct temporal expression patterns for a total of 7317 genes classified as DE in at least one time 

point relative to control samples. Plots showing the trend for expression of genes in each cluster are 

shown in Figure 3-12. Most clusters of genes show distinct expression to control samples; clusters 5, 

7 and 8 are upregulated while clusters 1,2,3,4 and 9 show overall downregulation relative to 

uninfected samples. The genes in cluster 6 are also ultimately upregulated by infection following 12 

hours of relative inhibition. In most clusters, the 24h time point shows the greatest difference in 

expression between H1N1 infected and control samples.  

 

NEQC normalised array intensity data for H1N1 infected samples were analysed a complete time series using 
maSigPro. Genes with significant differences between experimental conditions are clustered based on shared 
expression patterns over the course of infection. Lines show the average expression of genes within that 
cluster. Expression in control samples are coloured Red and infected samples are coloured Green. The number 
of genes within each cluster is include below each plot. 

Figure 3-12 GSE4791 H1N1 Time series analysis identified clear distinction between infected and control samples 
over the course of infection 



As the expression values for each cluster peak at 24hpi, log2FC values from the 24h time-matched 

DE analysis were used to rank genes from each cluster for ORA using clusterProfiler. Genes not 

significantly DE at this time point were excluded from the analysis and the complete list of ranked 

genes DE at 24hpi were used as the background or “universe” gene set. 

The result of ORA of the genes downregulated by H1N1 infection, clusters 1, 2, 3 and 4, are shown in 

Figure 3-13. Cluster 9 was not included as none of the 439 genes in this group were DE at the 24h 

peak relative to time-matched controls. There were only 18/335 genes from cluster 4 with log2FC 

exceeding -1 at the same time point, ORA was performed for these genes however no GO:BP terms 

were significant.  The downregulated genes with both cluster 2 and cluster 3 expression patterns 

were significantly enriched for pathways relating to cellular metabolism. For example, the term 

“regulation of cellular metabolic processes” (GO: 0031323) was significant for cluster 2 with 121 

genes mapped to this term, while 100 genes from the term “catabolic process” (GO: GO:0009056) 

were found in cluster 3. Both cluster 2 and 3 also share similar expression patterns with the extent of 

downregulation increasing until 24hpi and then decreasing again until the 48 end of infection. The 

expression values of cluster 2 genes are similar in both infected and control samples by 48hpi 

whereas cluster 3 genes remain downregulated by infection, relative to control samples, throughout. 

Cluster 1 genes were primarily associated with GO:BP terms relating to cilia, the top 10 most 

enriched terms for this gene list included “cilium organisation” (GO:0044782)  and “microtubule-

based movement” (GO:0007018). Expression of these genes declines from 12hpi to a stable low 

relative to controls at 24hpi. Their expression remains at this level until the 48h endpoint.  
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Figure 3-13 GSE47961 H1N1 downregulated gene cluster ORA shows a focus on cellular metabolism and cilia organisation 

Over representation analysis (ORA) of significantly DE genes from each downregulated gene cluster was performed 
using the full list of downregulated genes from 24h time-matched analysis as the background gene list. The 10 most 
significantly enriched GO:BP terms are shown as bar plots with the length of each bar indicating the number of genes 
mapped to each term. Bars are coloured by significance as described in each key. Plots were generated using the 
clusterprofiler R package following ORA with enrichGO.  Genes from clusters 1, 2, 3 and 4 are shown in plots A, B, C 
and D respectively. The expression pattern of genes in each group, determined using maSigPro, are inset with each bar 
plot. 



Genes upregulated by H1N1, from clusters 5, 6, 7 and 8, were analysed using the same approach 

with all significant DE genes, with log2FC >= 1, from the 24hpi time-matched analysis used as 

background genes. No GO:BP terms were significantly enriched for the cluster 6 gene list (Figure 

3-14 B), however the few significantly DE genes in this cluster were mapped to terms relating to 

cellular metabolism. Genes in cluster 6 show a temporal expression pattern with initial 

downregulation followed by upregulation between 18 and 36h. Cluster 5 genes are rapidly and 

increasingly upregulated between 6 and 24hpi followed a reduction in the extent of upregulation 

until 48h, approaching levels seen at 6hpi by the end of infection. The genes in this cluster were 

highly significantly enriched for terms such as “response to virus” (GO:0009615) and “regulation of 

viral genome replication” (GO:0045069) (Figure 3-14 A.).  

Genes grouped into cluster 8 begin being upregulated by H1N1 infection at 12-18hpi and their 

expression value increases to a plateau between 24 and 36hpi before decreasing to levels 

comparable with the 18h time point by 48hpi. While not reaching the levels of significance seen for 

cluster 5, GO:BP terms relating to adaptive immunity such as  “T cell mediated immunity” 

(GO:0002456) were significantly represented the cluster 8 gene list (Figure 3-14 D). 
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Antiviral gene expression predominantly took the immediate cluster 5 pattern, however there were 

also genes in cluster 8 which mapped to terms such as “defence response”. Normalised expression 

values for genes from both clusters mapped to this term are shown in Figure 3-15. IFN inducible 

genes (eg. IFIT1, IFIT2, ISG15, OAS1, OAS2, IDO1) as well as the type I (IFNB1 and IFNA14) and type III 

(IFNL1, IFNL2, IFNL3) IFN genes were found in cluster 5. As with H3N2, H1N1 infection had a stronger 

Figure 3-14 GSE47961 H1N1 upregulated genes were enriched from immune, antiviral and metabolic pathways 

Over representation analysis (ORA) of significantly DE genes from each upregulated gene cluster was 
performed using the full list of upregulated genes from 24h time-matched analysis as the background gene list. 
The 10 most significantly enriched GO:BP terms are shown as barplots with the length of each bar indicating 
the number of genes mapped to each term. Bars are coloured by significance as described in each key. Plots 
were generated using the clusterprofiler R package following ORA with enrichGO.  Genes from clusters 5, 6, 7 
and 8 are shown in plots A, B, C and D respectively. The expression pattern of genes in each group, determined 
using maSigPro,are inset with each barplot. 



impact on type III IFNs than type I IFNs especially at the 24hpi peak of expression. A table showing 

log2FC values for key antiviral genes at all time points is included (Table 10).  

 

 

Figure 3-15 GSE47961 H1N1: had a strong and immediate impact on many genes from the term Defence Response 
 

 

 

 

GSE47961 H1N1 expression data for genes matched to the GO:Biological process “Defence Response” at all time 
points.. A heatmap was generated from neqc normalised intensity values for arrays from all H1N1 infected and mock-
infected time points. Genes (rows) were scaled as Z-scores showing standard deviation from the mean expression of 
each gene: For this plot, Blue shading indicates that expression is at or greater than 2 SD lower than the mean for a 
given gene and red shading indicates genes are expressed at or greater than 2 SD above the mean.  Group membership 
of H1N1 or mock infected arrays is shown by the coloured column bars and key.  
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Table 10 Time matched Differential expression analysis of GSE47961 H1N1 infected samples confirms the strong induction 
of antiviral genes mapped to the term "Defence Response". 
 

GSE47961 H1N1 expression data was normalised using NEQC and differentially expressed (DE) genes were identified using LIMMA, with 
time matched mock-infected samples used as baseline. The result of this analysis for genes mapped to the GO:BP term “Defence 
Response” are shown as log2 fold change (log2FC) and FDR adjusted P values (FDR). Genes are arranged by log2FC at 24hpi and FDR values 
are shaded with a 3 point scale from yellow – green – violet, indicating increasing significance.   

 

  

 H1N1 6h  H1N1 12h  H1N1 18h  H1N1 24h  H1N1 36h  H1N1 48h  
SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 

IFNL3 5.228 3.70E-23 7.567 3.80E-32 8.427 7.96E-32 9.777 9.17E-39 7.547 1.92E-32 4.119 2.20E-18 
IFNL2 5.292 8.35E-24 7.421 4.19E-32 8.778 4.19E-33 9.716 4.84E-39 7.447 1.59E-32 4.293 1.45E-19 
OASL 7.590 4.01E-34 8.453 1.83E-37 9.391 5.54E-37 9.152 5.90E-40 9.490 1.96E-40 8.022 5.72E-36 
IFNL1 4.425 6.59E-22 6.563 2.13E-31 7.759 1.78E-32 8.996 1.90E-39 7.117 1.12E-33 3.850 3.00E-19 
RSAD2 6.292 6.81E-31 7.591 4.11E-36 7.994 1.16E-33 8.287 2.06E-38 8.399 1.06E-38 6.754 3.70E-33 
IFIT2 6.018 3.07E-33 7.469 1.28E-38 8.390 3.13E-38 7.957 1.53E-40 7.659 8.99E-40 6.596 2.59E-36 
IFIT1 6.083 1.47E-32 7.339 1.78E-37 7.990 9.85E-37 7.453 1.29E-38 7.868 1.14E-39 6.730 1.91E-35 
IFIT3 5.491 1.51E-32 6.586 1.83E-37 7.452 2.78E-37 7.220 3.67E-40 7.534 9.15E-41 6.297 5.17E-36 
IFNB1 2.422 1.11E-09 5.200 1.74E-24 5.822 2.80E-24 6.091 1.61E-28 3.622 2.69E-17 1.651 4.93E-06 
OAS3 4.334 3.99E-26 5.114 8.07E-31 5.890 1.46E-31 5.828 6.11E-34 5.930 2.45E-34 5.062 4.01E-30 
IDO1 3.382 6.57E-10 5.368 2.49E-18 6.467 1.09E-19 5.752 3.42E-20 6.762 1.45E-23 3.190 1.08E-09 
OAS1 3.537 2.08E-24 3.969 1.72E-27 5.688 5.42E-33 5.628 3.77E-36 5.378 5.06E-35 4.782 1.24E-31 
ISG15 4.121 1.65E-18 4.946 5.33E-22 5.346 1.67E-19 5.330 3.96E-23 5.066 2.69E-20 4.417 1.23E-16 
OAS2 4.149 1.40E-23 4.869 8.05E-27 5.487 7.15E-26 5.145 2.13E-28 5.504 7.52E-29 4.444 2.24E-24 
IL36G 1.029 3.35E-01 0.789 2.76E-01 3.119 1.08E-05 5.038 2.20E-13 6.544 5.47E-18 0.169 8.73E-01 
IFIH1 3.107 6.20E-31 3.808 2.58E-36 4.450 5.54E-37 4.433 2.92E-40 3.981 1.06E-37 3.401 2.90E-33 
STAT1 3.287 2.90E-14 4.011 7.39E-20 4.100 3.73E-18 4.272 7.84E-23 4.464 1.48E-23 3.131 1.57E-14 
ISG20 2.160 7.61E-20 3.179 6.40E-29 3.861 1.26E-30 4.203 6.03E-36 3.708 7.25E-33 3.638 7.35E-32 
LAG3 0.985 3.75E-05 1.787 4.17E-13 2.922 3.68E-20 4.016 1.72E-30 4.136 3.98E-31 3.654 1.14E-27 
IL17C -0.006 9.98E-01 0.025 9.62E-01 1.329 1.73E-04 3.630 6.26E-20 3.399 1.44E-18 1.041 9.34E-04 
SOCS1 1.461 1.83E-01 3.582 1.92E-17 3.746 8.04E-17 3.510 4.05E-17 2.390 1.90E-09 1.121 1.52E-01 
IFITM1 2.694 4.16E-27 3.529 7.02E-34 3.649 8.06E-32 3.283 1.36E-32 3.507 4.22E-34 3.878 6.88E-36 
TLR2 0.636 1.88E-02 1.586 4.31E-11 1.817 1.86E-11 3.094 3.05E-24 3.737 1.68E-28 1.151 2.85E-07 

IFITM2 1.357 1.02E-08 2.116 2.75E-16 2.542 1.57E-17 2.657 2.63E-21 2.814 1.85E-22 2.703 4.12E-21 
IRF1 1.315 9.99E-07 1.951 1.68E-12 2.445 2.38E-14 2.062 5.42E-14 1.603 3.70E-10 0.941 1.32E-04 

MYD88 1.274 4.27E-07 1.714 2.83E-13 2.367 3.44E-17 2.018 7.81E-17 2.047 4.99E-16 1.114 1.69E-07 
NOD2 0.624 8.17E-05 1.602 8.26E-19 1.546 8.03E-16 2.013 4.30E-24 1.329 1.10E-15 0.791 9.01E-08 

IFNA14 0.025 9.76E-01 1.383 3.18E-15 2.467 1.15E-24 2.003 3.98E-23 0.281 5.54E-02 0.050 8.38E-01 
IRF9 1.457 2.73E-09 1.837 2.95E-13 1.894 6.52E-12 1.919 1.45E-14 2.342 3.77E-18 1.671 8.08E-12 

IL18RAP 0.747 1.20E-03 0.969 3.54E-06 1.877 3.53E-13 1.861 1.43E-15 1.930 3.65E-16 0.679 7.96E-04 
IFNE 0.221 7.39E-01 1.670 1.53E-10 2.164 8.57E-13 1.853 1.02E-12 1.161 8.14E-07 0.283 3.22E-01 



3.2.2.2.2 SARS-CoV1 Time series analysis 

In contrast to H1N1, expression patterns of SARS-CoV1 infected samples were very similar to the 

control samples for all but clusters 4, 6 and 9. Genes grouped into cluster 1 change expression 

throughout infection but to the same extent in both infected and control samples.  Cluster 4 has the 

most definitive SARS-CoV1 infection dependent upregulation with stable expression in control 

samples. The upregulation seen for genes in cluster 9 is more modest and occurs beyond control 

samples only at 60hpi. Cluster 6 appears to have relatively stable high expression compared to the 

uninfected controls at all time points. Plots generated by maSigPro showing the result of this 

analysis are shown in Figure 3-16. 

 

 

NEQC normalised array intensity data for SARS-C0v1 infected samples were analysed as a complete time series using 
the maSigPro package. Genes with significant differences between experimental conditions are clustered based on 
shared expression patterns over the course of infection. Lines show the average expression of genes within that 
cluster. Expression in control samples are coloured Red and infected samples are coloured Green. The number of 
genes within each cluster are included below each plot. 

Figure 3-16 GSE47961: SARS-CoV1 Time Series analysis shows very few genes with differences in temporal 
expression pattern between infected and control samples   
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ORA of genes in cluster 4 and cluster 6 was performed using all SARS-CoV1 72hpi upregulated genes 

as background. Cluster 9 was also explored however there were only 2 genes with log2FC >= 1 in this 

cluster. As genes from the remaining clusters did not differ from control samples they were not 

investigated further. The 10 most significantly enriched terms from cluster 6 ORA (Figure 3-17. B) 

included “cellular response to stress” (GO:0033554) and “developmental process” (GO:0032502).  

There was considerable overlap between these terms with transcription factor encoding genes such 

as FOS, and Early Growth Response 1 (EGR1) found in all 10 shown here. Genes in this cluster were 

consistently expressed with values greater than those for control samples however, there was more 

definitive upregulation of genes grouped into Cluster 4. These genes are steadily upregulated to a 

peak of expression 72h post SARS-CoV1 infection. The genes in cluster 4 have a clear antiviral focus 

with “response to virus” and “innate immune response” among the 10 most significant terms for this 

cluster of genes (Figure 3-17 A).   

 

 

Figure 3-17 GSE47961 SARS-CoV1 upregulated genes have cluster specific roles in the antiviral and developmental responses 

Over representation analysis (ORA) of significantly DE genes from each upregulated gene cluster was performed using the full list of 
upregulated genes from 72h time-matched analysis as the background gene list. The 10 most significantly enriched GO:BP terms 
are shown as bar plots with the length of each bar indicating the number of genes mapped to each term. Bars are coloured by 
significance as described in each key. Plots were generated using the clusterprofiler R package following ORA with enrichGO.  Genes 
from clusters 1, 2, 3 and 4 are shown in plots A, B, C and D respectively. The expression pattern of genes in each group, determined 
using maSigPro, are inset with each bar plot. 



Genes from cluster 4 including antiviral IFIT (inc. IFIT1, IFIT3), IRF (IRF7, IRF9), ISG (ISG15, ISG20) and 

OAS (OAS1, OAS2, OAS3, OASL) families of genes, begin being upregulated by SARS-CoV1 at 48h and 

reach a plateaux of expression between 72 and 84hpi. The genes mentioned here were upregulated 

with log2FC between 3 and 6 at 72hpi. Type I and type III IFN genes, IFNB1, IFNL1, IFNL2 and IFNL3, 

were also grouped into cluster 4 and were all roughly equally upregulated (log2FC 1-2) by SARS-CoV1 

GSE47961 SARS-CoV1 expression data for genes with the cluster 4 or cluster 6 expression pattern over 72h infection matched 
to the GO: Biological process “Defence Response” at all time points. Genes in these clusters were annotated with GO:BP terms 
due to their clear upregulation relative to controls in maSigPro analysis A heatmap was generated for these genes from neqc 
normalised intensity values for arrays from all SARS-CoV1 infected and mock-infected time points. 
Genes (rows) were scaled as Z-scores showing standard deviation from the mean expression of each gene: For this plot, 
Strong Blue shading indicates that expression is at or greater than -2 SD lower than the mean for a given gene and red 
shading indicates genes are expressed at or greater than 23 SD above the mean.  Group membership of SARS-CoV1 time 
points or mock infected arrays is shown by the coloured column bars and key.  

Figure 3-18  GSE47961 SARS-CoV1 infection resulted in delayed induction of antiviral genes mapped to the term defence 
response 
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at the 72h peak of expression. “Defence response” genes were also present in cluster 6, with less 

significant enrichment. Normalised expression values for genes mapped to “defence response” from 

both gene clusters are shown as a heatmap (Figure 3-18), and log2FC (Table 11). 

 

Table 11 Time matched Differential expression analysis of GSE47961 SARS-CoV1 infected samples confirms the later 
induction of antiviral genes mapped to the term "Defence Response". 

GSE47961 SARS-CoV1 expression data was normalised using NEQC and differentially expressed (DE) genes were identified using LIMMA, 
with time matched mock-infected samples used as baseline. The result of this analysis for genes mapped to the GO:BP term “Defence 
Response” are shown as log2 fold change (log2FC) and FDR adjusted P values (FDR). Genes are arranged by log2FC at 72hpi and FDR values 
are shaded with a 3 point scale from yellow – green – violet, indicating increasing significance: Yellow > 0.05, Green: 0.05 – 1E-10, Purple: 
1E-10 – 1E-40 

 

While there were no clusters of genes with a pattern of downregulation identified using maSigPro, 

the 126 genes found to be downregulated by SARS-CoV1 infection at 48h using limma analysis were 

explored further. To perform ORA on this gene set, the full list of genes significantly DE by SARS-

COV1 at 48h were used as the background gene set, without effect size filtering. The pathway terms 

identified for these genes related to extracellular matrix organisation and tissue development 

(Figure 3-19).  

 SARS1 24h  SARS1 48h  SARS1 60h  SARS1 72h  SARS1 84h  SARS1 96h  
SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 

OASL -0.238 9.37E-01 3.857 5.24E-18 4.933 1.66E-23 5.984 1.70E-28 6.168 3.83E-29 4.548 7.02E-22 
IFI44L -0.006 1.00E+00 2.875 3.00E-14 3.902 1.61E-20 5.531 7.85E-29 5.825 8.55E-30 5.514 3.27E-28 
IFIT1 0.266 8.79E-01 3.464 7.67E-19 4.229 1.88E-23 5.312 4.02E-29 6.246 1.47E-32 4.687 6.96E-26 

RSAD2 -0.164 9.52E-01 3.029 4.50E-15 3.463 4.49E-18 4.588 1.61E-24 4.755 6.63E-25 3.445 2.31E-17 
IFI27 -0.700 5.99E-01 0.920 9.63E-02 2.350 3.68E-06 4.490 6.37E-16 5.135 4.91E-18 4.642 2.20E-15 
IFIT2 -0.303 7.84E-01 2.923 7.95E-17 3.648 7.34E-21 4.360 2.47E-25 4.602 1.81E-27 2.719 6.31E-16 
OAS3 -0.037 9.97E-01 1.617 2.67E-07 2.505 5.36E-14 4.022 1.36E-23 3.815 3.14E-23 3.214 5.16E-19 
ISG15 0.066 9.47E-01 1.873 3.77E-05 2.684 9.22E-08 3.531 4.56E-12 3.799 7.82E-15 2.793 1.37E-06 
OAS1 -0.012 9.99E-01 1.510 5.45E-08 2.350 3.96E-15 3.282 1.98E-22 3.021 1.24E-20 2.571 4.62E-17 

IFITM1 0.227 7.01E-01 0.901 1.58E-06 1.842 6.16E-18 3.087 1.10E-29 2.892 2.54E-28 3.454 5.17E-32 
IRF7 0.040 9.97E-01 0.915 3.00E-02 1.564 1.10E-03 2.639 1.00E-10 2.578 1.91E-10 2.077 6.01E-07 

IFNL2 0.118 9.94E-01 1.194 7.77E-03 2.580 1.42E-09 2.525 1.42E-09 2.273 3.82E-08 1.385 2.93E-03 
IFNL3 -0.231 9.58E-01 1.471 1.03E-03 2.060 1.69E-06 2.390 1.31E-08 1.894 7.17E-06 1.040 6.53E-02 
IFNB1 0.128 9.93E-01 1.379 1.31E-03 2.419 4.40E-09 2.384 3.40E-09 2.573 2.96E-10 1.159 1.80E-02 
IFNL1 -0.032 9.99E-01 1.304 1.16E-03 1.544 9.82E-05 2.080 3.05E-08 1.861 7.17E-07 0.467 5.46E-01 

IFITM3 0.281 6.96E-01 0.324 2.38E-01 0.952 3.84E-05 2.006 3.23E-16 2.174 8.65E-18 2.160 2.13E-17 
ISG20 0.011 9.99E-01 0.962 4.34E-06 1.261 1.57E-09 1.926 3.44E-17 2.044 2.20E-18 1.393 3.95E-11 
IRF9 -0.124 9.68E-01 0.191 6.14E-01 0.961 3.16E-04 1.743 1.12E-11 1.704 2.76E-11 1.722 2.79E-11 



 

3.2.2.3 H1N1 and SARS-CoV1 PBEC – T cell gene Expression 

T cell related GO:BP term enrichment was explored using all genes which were upregulated at the 

time points with maximal DE. For H1N1 this was the 24h time point and for SARS-CoV1 the genes DE 

at 72hpi were combined with 38 which were uniquely DE at 84hpi. ORA analysis was performed for 

log2FC ranked up regulated genes from each infection separately using the full list of significantly 

(FDR < 0.05) DE genes without effect size filtering for background genes. From 1231 and 202 genes 

upregulated by H1N1 and SARS-CoV1 infection respectively, clusterProfiler mapped a total of 1088 

and 190 genes to GO:BP pathway terms. The result of each ORA was filtered for terms relating to T 

cell recruitment or activation, without limiting results by significance of enrichment. This identified 

genes DE by each infection with roles in these functional terms. H1N1 infection caused DE of a 

greater number of genes within these terms than SARS-CoV1, with many also considered 

significantly enriched Figure 3-20. SARS-CoV1 infection resulted in upregulation of genes with T cell 

Over representation analysis (ORA) of significantly downregulated genes at 48h post SARS-CoV1 infection was 
performed using the full list of downregulated genes from 48h time-matched analysis as the background gene 
list. The 10 most significantly enriched GO:BP terms are shown with the length of each bar indicating the number 
of genes mapped to each term. Bars are coloured by significance as described in the key. Plots were generated 
using the clusterprofiler R package following ORA with enrichGO. 

Figure 3-19 GSE47961 SARS-CoV1 downregulated genes were enriched for terms relating to the extracellular matrix. 
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related functions but to a lesser extent with no terms reaching significance. A direct comparison of 

gene counts per T cell term as well as FDR adjusted P values for enrichment are shown in Table 12. 

 

Table 12 GSE47961 H1N1 and SARS-CoV1 T cell activation and recruitment GO BP term enrichment. 

  H1N1  
(1088 
genes) SARS1 

(190 
genes) 

ID Description Count FDR Count FDR 

GO:0042110 T cell activation 85 1.99E-17 19 0.367

GO:0051249 regulation of lymphocyte activation 76 2.01E-12 20 0.268 

GO:0002456 T cell mediated immunity 29 1.25E-09 10 0.227 

GO:0050870 positive regulation of T cell activation 41 7.48E-09 12 0.182 

GO:0002449 lymphocyte mediated immunity 48 1.03E-08 13 0.542 

GO:0019882 antigen processing and presentation 25 2.12E-08 8 0.460 

GO:0002706 regulation of lymphocyte mediated immunity 33 1.30E-07 11 0.179 

GO:0072678 T cell migration 19 2.39E-07 0 na 

GO:0050868 negative regulation of T cell activation 18 0.00015 7 0.285 

  

 

Differentially expressed genes identified from the GSE47961 data set using limma, were annotated using over 
representation analysis with the clusterProfiler package. The 1231 genes significantly upregulated by H1N1 at 24hpi, 
and 202 genes significantly upregulated by SARS-CoV1 (SARS-1) at 72h or 84hpi, were analysed relative to all genes 
with adjusted p values < 0.05 in each infection analysis. The resulting GO biological process pathway terms identified 
for each virus were filtered to show pre-determined T cell activation or recruitment terms if they were enriched for 
each gene list. H1N1 infection (A) produced significant results for all terms. SARS-1 infection (B) was less significant.  

Figure 3-20 GSE47961 H1N1 infection resulted in differential expression of a greater numbers of T cell related genes than 
SARS-CoV1 

T cell recruitment or activation related Gene ontology Biological process terms were identified from ORA performed for genes 
upregulated by H1N1 and SARS-CoV1 (SARS-1) using the clusterProfiler R package. The number of genes mapped to each term are 
shown along with the enrichment significance p value, adjusted for multiple hypothesis testing (FDR)  



The 19 genes from the H1N1 gene list which mapped to “T cell migration” were reduced to 7 with 

relevance to PBEC recruitment of T cells.  Expression values for these genes over 48h H1N1 infection 

are shown as a heatmap (Figure 3-21). Row clustering, with time point ordered columns, identified 

clear distinctions between genes with different temporal profiles. CXCL10, CXCL11 and CCL5 were 

clustered together with consistent low expression in all control samples and shared immediate 

upregulation and 24h peak expression in infected samples. These genes were grouped into cluster 5 

by maSigPro and were among the most highly DE in time matched analysis. CXCL10 and CXCL11 were 

particularly highly upregulated with log2FC > 11 at 24hpi (Table 13).  CCL2 was also expressed with 

the cluster 5 pattern but with a smaller effect size as well as modest downregulation at 48hpi.  

CCL20, CXCL16 and CCL3 were not significantly DE until 18-24hpi and were grouped into cluster 8 by 

maSigPro analysis. CCL20 showing the strongest induction at log2FC 3.7 by 36hpi and CXCL16 and 

CCL3 reaching a maximum of 1.7 and 2 log2FC respectively at 36 and 24hpi.   
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Table 13 GSE47961 H1N1 Time-matched differential expression results for the PBEC - T cell migration gene set 

 H1N1 6h H1N1  12h H1N1  18h H1N1  24h H1N1  36h H1N1  48h 

SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 

CXCL10 7.162 4.64E-28 10.223 5.44E-37 11.089 8.49E-36 11.449 3.81E-40 11.408 8.18E-40 7.075 5.51E-28 
CXCL11 5.346 1.18E-21 8.976 5.99E-34 10.514 7.21E-35 11.343 9.86E-40 10.891 3.97E-39 8.436 2.75E-32 

CCL5 3.079 2.08E-17 5.368 4.31E-30 6.472 1.15E-31 7.033 5.67E-37 6.914 1.89E-36 3.089 9.26E-18 
CCL20 0.101 9.61E-01 0.456 3.30E-01 1.694 1.40E-04 3.071 8.91E-13 3.669 1.01E-15 1.227 1.94E-03 
CCL2 0.975 4.35E-04 1.436 3.79E-08 2.393 6.66E-14 2.228 3.11E-15 0.126 6.67E-01 -2.209 1.51E-14 
CCL3 0.006 9.98E-01 -0.244 5.65E-01 0.105 8.51E-01 2.021 1.28E-09 1.186 1.42E-04 0.940 4.07E-03 

CXCL16 -0.030 9.81E-01 0.405 9.52E-02 0.625 1.45E-02 1.448 4.32E-10 1.674 4.36E-12 1.034 5.05E-06 
GSE47961 H1N1 Time matched DE analysis was performed on NEQC normalised data using Limma with results calculated for infected 
samples relative to mock-infected controls at every time point. Chemokine encoding genes were identified from genes significantly DE by 
H1N1 infection at 24hpi using ORA. Log2 fold change Log2FC values for these genes generated from time matched DE analysis of each time 
point relative to mock infected controls are shown here with FDR adjusted P values (FDR) coloured with a 3-point scale: Yellow > 0.05, 
Green: 0.05 – 1E-10, Purple: 1E-10 – 1E-40 

 

GSE47961 H1N1 expression data for 7 genes with relevance to PBEC modification of T cell migration. A 
heatmap was generated from neqc normalised intensity values for arrays from all H1N1 infected and 
mock-infected time points. Genes (rows) were scaled as Z-scores showing standard deviation from the 
mean expression of each gene: For this plot, Blue shading indicates that expression is up to 3 SD lower than 
the mean for a given gene and red shading indicates genes are expressed up to 3 SD above the mean.   

Figure 3-21 GSE47961 H1N1 caused strong upregulation of genes relating to PBEC - T cell Migration over 48h 
infection. 



A total of 20 genes were selected from the 85 genes mapped to “T cell activation” from the H1N1 

gene list, no additional unique genes were present in the 19 which were identified from SARS-CoV1 

upregulated genes. This included genes which encode MHC receptors also found in the term 

“Antigen processing and presentation” as well as surface expressed markers such as CD200 which 

were also mapped to “T cell migration”.  A heatmap of normalised expression values for these 20 

genes throughout the H1N1 infection time series is included in Figure 3-22. Log2FC data from time 

matched DE analysis for genes encoding cytokines and surface molecules from this gene set are 

shown in Table 14 and Table 15 respectively. 

The greatest variation over time was seen for secreted cytokine encoding genes. TNFSF13B was 

upregulated from 6hpi reaching log2FC of 7.4 at 24hpi and remained around this level until a slight 

reduction to log2FC 4.9 by 48hpi.  IL-6 was also upregulated at 6hpi followed by an initial drop in 

upregulation at 12hpi and steady increase until 36h. This is similar to the DE of and IL-1A however, 

the 6 and 12hpi log2FC reading were not significant for this gene. IL1B and IL23a are only 

significantly DE at 24 and 36hpi, IL7, and IL12a are only minimally upregulated by H1N1 at all time-

points. MHC encoding genes (HLA-A, HLA-E, HLA-G and B2M) were minimally upregulated between 

18 and 48h with log2FC between 1 and 3. CD274 was the only surface bound marker DE at 6hpi, and 

expression of this gene remains upregulated until the end of infection, with the strongest magnitude 

of DE for this category. Finally, CD83 was also slightly upregulated between 6 and 12h but reaches 

more substantial levels at 18-36h time points while CD55 is mildly upregulated at consistent levels 

throughout the infection. 



81 
 

 

Table 14 GSE47961 H1N1 Time-matched differential expression results for the PBEC - T cell activation cytokine gene set 

 H1N1  6h H1N1  12h H1N1  18h H1N1  24h H1N1  36h H1N1  48h 

SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 

TNFSF13B 4.190 1.03E-21 6.107 9.40E-31 7.441 1.59E-32 7.269 2.50E-35 6.743 1.88E-33 4.945 1.17E-25 

IL1A 1.022 1.38E-01 0.537 3.42E-01 2.361 1.21E-05 3.928 9.19E-14 3.834 2.54E-13 -0.086 9.19E-01 

IL6 2.787 4.07E-12 0.909 1.25E-02 2.748 1.31E-10 3.845 7.16E-19 5.034 1.73E-24 3.971 6.02E-19 

IL1B 0.623 7.74E-01 -0.310 7.72E-01 1.299 1.47E-01 3.287 4.12E-06 4.152 2.25E-08 -0.583 5.56E-01 

LGALS9 1.131 1.95E-05 2.055 1.10E-13 2.531 2.65E-15 2.799 4.96E-20 2.471 1.59E-17 1.740 3.76E-11 

IL23A -0.373 4.51E-01 -1.324 8.74E-07 -0.651 2.91E-02 2.230 1.98E-14 3.747 1.14E-24 0.136 7.32E-01 

IL7 0.757 1.33E-03 1.653 1.27E-12 1.725 1.60E-11 1.997 1.79E-16 1.716 8.97E-14 1.052 6.16E-07 

IL12A 0.771 8.60E-03 1.277 5.65E-07 1.848 4.30E-10 1.809 5.64E-12 1.400 1.63E-08 0.245 4.27E-01 
Genes encoding secreted cytokines DE by H1N1 infection at all time points. Values are arranged by descending log2 fold change (log2FC) at 
24hpi. All fold change values are calculated for infected samples relative to time matched uninfected controls. Adjusted P values (FDR, were 
shaded using a 3-point scale, yellow = < 0.05 
 
 
 

GSE47961 H1N1 expression data for 20 genes with relevance to PBEC modification of T cell activation. A heatmap was 
generated from neqc normalised intensity values for arrays from all H1N1 infected and mock-infected time points. Genes 
(rows) were scaled as Z-scores showing standard deviation from the mean expression of each gene: For this plot, Blue 
shading indicates that expression is up to 3 SD lower than the mean for a given gene and red shading indicates genes are 
expressed up to 3 SD above the mean.   

Figure 3-22 GSE47961 H1N1 caused strong upregulation of genes from the PBEC - T cell activation signature over 48h infection 



Table 15 GSE47961 H1N1 Time matched differential expression results for the PBEC - T cell activation surface bound gene 
set 

 H1N1  6h H1N1  12h H1N1  18h H1N1 24h  H1N1  36h H1N1  48h 

SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 

CD274 2.315 1.19E-14 3.735 5.85E-25 4.834 4.28E-28 4.558 5.63E-30 4.440 2.92E-29 2.262 1.23E-14 

CD83 0.892 2.16E-03 0.665 1.11E-02 2.602 6.01E-15 3.816 1.00E-25 2.754 1.03E-18 -0.259 4.11E-01 

CEACAM1 0.844 1.25E-03 1.369 6.31E-09 2.748 3.47E-19 3.180 2.20E-25 3.958 9.89E-29 3.172 3.54E-22 

VCAM1 0.708 4.19E-02 0.887 1.21E-03 1.736 3.42E-08 2.934 7.48E-19 2.829 4.34E-18 -0.187 6.17E-01 

CD55 1.448 1.29E-02 0.975 1.43E-01 1.711 1.15E-02 2.054 2.21E-05 2.147 6.67E-05 2.053 9.28E-04 

B2M 1.195 6.24E-02 1.698 2.75E-04 1.974 6.12E-05 2.017 3.24E-08 2.205 1.13E-12 2.066 8.88E-09 

HLA-E 0.373 2.10E-01 0.891 4.76E-04 1.582 4.23E-09 1.807 1.27E-12 2.301 5.20E-16 2.157 8.73E-16 

HLA-A 0.262 6.20E-01 0.641 2.74E-02 1.457 3.85E-06 1.763 1.67E-09 2.397 1.27E-13 2.329 3.47E-13 

CD47 0.285 4.76E-01 0.684 1.38E-03 1.329 6.70E-07 1.712 1.36E-13 1.673 1.31E-07 0.745 1.05E-02 

PDCD1LG2 0.110 7.49E-01 0.591 2.62E-06 1.366 1.49E-16 1.709 4.37E-24 1.333 8.16E-19 0.230 7.57E-02 

HLA-G 0.408 2.74E-01 0.567 2.18E-01 1.155 2.50E-05 1.483 3.18E-11 1.307 8.80E-08 0.883 1.84E-03 

CD200 0.024 9.87E-01 -0.041 9.25E-01 0.181 6.61E-01 1.162 8.52E-06 1.246 2.50E-06 0.053 9.10E-01 
 
Genes encoding surface bond receptors relating to T cell activation were DE by H1N1 infection at all time points. Values are arranged by 
descending log2 fold change (log2FC) at 24hpi. All fold change values are calculated for infected samples relative to time matched 
uninfected controls.  
Adjusted P values (FDR), were shaded using a 3 point scale: Yellow > 0.05, Green: 0.05 – 1E-10,    Purple: 1E-10 – 1E-40 

Although SARS-CoV1 did not result in significant enrichment of T cell terms, there were genes with 

roles in these pathways DE by this virus. None were unique to SARS-CoV1, however, SARS-CoV1 

infection did have an impact on several genes from the H1N1 PBEC – T cell signature. Despite not 

being mapped to “T cell migration” during the clusterProfiler ORA, both CXCL10 and CXCL11 were 

significantly DE by SARS-CoV1, again, being among the most highly upregulated by this virus reaching 

log2FC 5.6 and 5.1 respectively at 72hpi. As no other genes from “T cell migration” were DE by SARS-

CoV1, CXCL10 and CXCL11 have been included with “T cell activation” for presentation here as a 

heatmap Figure 3-23, and log2FC values and adjusted P values for time matched DE analysis Table 

16. CXCL10 and CXCL11 were expressed with the cluster 4 maSigPro pattern as well as MHC 

encoding genes (HLA-E, HLA-A and B2M), LGALS9 and TNFSF13B. The HLA genes however were not 

DE with any significance. HLA-A was the only gene from this family to exceed log2FC 1 and only did 

so at 84hpi. Similarly, LGALS9 is DE with log2FC 1.2 at 72 and 84hpi only while TNFSF13B is 

upregulated at 48h and remains so throughout infection but with DE reaching a maximum of 3.2 

log2FC at 84hpi. 
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Table 16 GSE47961 SARS-CoV1 Differential expression results for the PBEC - T Cell recruitment/activation gene set 

 SARS1  24h SARS1  48h SARS1 60h SARS1 72h SARS1  84h SARS1  96h 
SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 
CXCL10 -0.273 9.49E-01 3.995 1.45E-14 5.395 9.61E-21 5.683 1.85E-22 4.735 1.34E-18 2.865 1.80E-09 
CXCL11 -0.108 9.73E-01 3.336 1.48E-11 4.326 1.00E-15 5.156 1.99E-20 4.861 2.51E-19 3.188 2.66E-11 

IL6 1.507 2.20E-03 2.363 7.40E-09 2.799 1.54E-11 4.574 2.45E-21 3.087 1.68E-13 3.422 3.41E-15 
TNFSF13B 0.065 9.97E-01 1.652 9.10E-06 2.252 1.33E-09 2.688 1.08E-12 3.227 5.17E-16 1.823 6.81E-07 

CD55 1.465 1.68E-02 1.425 3.90E-03 1.264 2.12E-01 1.944 1.83E-03 1.078 1.44E-01 1.064 2.16E-01 
LGALS9 0.045 9.97E-01 -0.213 6.03E-01 0.373 5.49E-01 1.192 1.20E-05 1.156 2.37E-05 0.803 1.38E-02 
HLA-A -0.218 8.50E-01 -0.135 7.30E-01 -0.035 9.99E-01 0.495 2.26E-01 1.043 8.24E-04 0.913 9.47E-03 

 

Most cytokine encoding genes from the H1N1 T cell activation signature were not significantly DE by 

SARS-CoV1. Only IL6 was DE by SARS-CoV1 in the time-matched analysis. This gene was expressed 

with the cluster 6 expression pattern and was upregulated log2FC 1.5 at the earliest 24h time point 

GSE47961 SARS-CoV1 expression data for all genes with relevance to PBEC modification of T cell activation with CXCL10 and 
CXCL11 included from T cell migration. A heatmap was generated from neqc normalised intensity values for arrays from all 
infected and mock-infected time points. Genes (rows) were scaled as Z-scores showing standard deviation from the mean 
expression of each gene: For this plot, Blue shading indicates that expression is up to 3 SD lower than the mean for a given 
gene and red shading indicates genes are expressed up to 3 SD above the mean.   

Figure 3-23 GSE47961 SARS-CoV1 infection had a varied impact on expression of genes from the PBEC - T cell gene 
signature over 72h infection 

Log2 fold change (log2FC) values calculated using pairwise differential expression analysis of SARS-CoV1 infected PBEC ALI relative to mock infected 
control are shown for genes mapped to the GO:BP term “T cell Activation”.   Adjusted P values (FDR) are corrected for false discovery of multiple 
hypothesis testing using eBayes (limma). Values are coloured by significance in a 3-point scale with yellow indicating AdjP > 0.05.  
 



and reached a maximum upregulation of log2FC 4.6 at 72hpi. The GSE47961 PBEC – T cell gene 

signature was comprised of 27 genes, 5 of which were not identified from the GSE32138 analysis: 

TNFSF13B, IL7, CD55, PDCD1LG2 and CXCL16. All genes were identified from the H1N1 analysis; only 

7 genes were also DE by SARS-CoV1 at the chosen thresholds (log1FC>1, FDR < 0.05) with no 

additional genes specific to SARS-CoV1 infection.  

 

3.2.3 Combined PBEC – T cell gene signature 

Combining unique genes from both data sets produced a final PBEC - T cell gene signature comprised 

of 41 genes with mixed expression in response to each virus. The GSE47961 time-points which 

produced the most DE were chosen for comparison with the GSE32138 arrays. For H1N1 this was 

24hpi, for SARS-CoV1 this was 72 and 84hpi. H1N1 48h arrays were also included to provide time 

matched comparison with RSV. SARS-CoV1 24 and 48h arrays were not included due to the lack of 

DE at these time points. Normalised expression data for these samples were combined and plotted 

as a single heatmap (Figure 3-24). In this plot, columns were clustered using wards algorithm to 

determine the natural grouping of the data. Most arrays clustered by treatment group with some 

overlap between the two SARS-CoV1 time points. As with previous results, data from pairwise DE 

analysis for these genes are included as tables for each sub category: PBEC- T cell recruitment Table 

17, PBEC – T cell activation cytokines Table 18 and PBEC – T cell activation surface molecules Table 

19.  

Clustering of the data by sample identified strong similarity between the H3N2 and H1N1 24h IAV 

infections which were grouped together and away from the other arrays.  Both infections resulted in 

near identical upregulation of chemokine genes CXCL10, CXCL11, CCL5, and CXCL16 at 24hpi, while 

CCL20 and CCL2 were more abuntantly upregulated by H3N2 . Genes encoding several surface bound 

T cell activating proteins were also comparably expressed by both strains of IAV at 24h, particularly 

the HLA genes which were also similarly weakly upregulated by RSV. H3N2 caused greater 
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upregulation of  CD274, CEACAM1, CD200, CD70, PDCD1LG2 and to a lesser extent CD276 than 

H1N1. Secreteted cytokine DE was even more varied with H3N2 resulting in particularly high 

upregulation of IL6, IL1A, IL1B, TNF and IL23A compared to H1N1.RSV caused DE of only , IL6, 

TNFSS13B, LGALS9 and IL15 from the cytokine subset of this signature. These genes were also DE by 

SARS-CoV1 at 72hpi and, with the exceptioon of IL6, to similarly low levels by each virus. The 

response to RSV and H1N1 at 48hpi, were also fairly similar in that by this time point, H1N1 infection 

has a comparably weak impact on most genes discussed. 

 

 

Figure 3-24 PBEC - T cell gene signature is strongly expressed in response to IAV but less so in response to RSV or SARS-CoV1  

 

Expression values for averaged replicate arrays from time points with greatest expression or that are shared between datasets.  
Genes (rows) were scaled as Z-scores showing standard deviation from the mean expression of each gene: For this plot, Blue 
shading indicates that expression is up to 3 SD lower than the mean for a given gene and red shading indicates genes are 
expressed up to 3 SD above the mean.  Coloured bars indicate group membership as shown in the key.  



Table 17 PBEC-T cell Recruitment gene expression in response to all four viruses 

 RSV  48h H3N2  24h H1N1  24h H1N1  48h SARS1  72h SARS1  84h 
SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 
CXCL11 6.800 3.44E-12 12.087 1.95E-16 11.343 9.86E-40 8.436 2.75E-32 5.156 1.99E-20 4.861 2.51E-19 
CXCL10 7.601 1.62E-14 11.973 3.35E-17 11.449 3.81E-40 7.075 5.51E-28 5.683 1.85E-22 4.735 1.34E-18 

CCL5 4.009 2.50E-11 8.905 8.13E-16 7.033 5.67E-37 3.089 9.26E-18 1.086 1.87E-03 0.968 8.12E-03 
CCL3 0.054 9.39E-01 8.227 1.47E-11 2.021 1.28E-09 0.940 4.07E-03 -0.039 9.97E-01 0.525 3.98E-01 

CCL20 2.434 1.44E-03 6.527 5.55E-09 3.071 8.91E-13 1.227 1.94E-03 1.098 5.00E-02 0.833 2.09E-01 
CCL2 -0.060 9.52E-01 6.488 1.14E-08 2.228 3.11E-15 -2.209 1.51E-14 0.276 7.90E-01 0.024 9.80E-01 

CXCL16 0.282 1.07E-01 1.947 9.11E-10 1.448 4.32E-10 1.034 5.05E-06 0.109 9.68E-01 0.167 7.69E-01 

Table 18 PBEC - T cell activation, cytokine gene expression in response to all four viruses 

 RSV  48h H3N2  24h H1N1  24h H1N1  48h SARS1  72h SARS1  84h 
SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 

IL6 1.213 1.42E-03 10.482 1.02E-14 3.845 7.16E-19 3.971 6.02E-19 4.574 2.45E-21 3.087 1.68E-13 
IL1A 0.556 1.08E-02 8.875 2.89E-16 3.928 9.19E-14 -0.086 9.19E-01 0.612 7.13E-01 0.695 4.63E-01 
IL1B 0.146 7.01E-01 8.584 4.50E-14 3.287 4.12E-06 -0.583 5.56E-01 0.455 9.48E-01 0.720 6.68E-01 
TNF 0.361 8.24E-01 7.109 3.03E-14 2.461 2.10E-17 0.149 6.81E-01 0.449 4.65E-01 0.448 4.74E-01 

IL23A 0.470 3.76E-02 7.090 7.08E-15 2.230 1.98E-14 0.136 7.32E-01 0.222 9.00E-01 0.423 3.92E-01 
TNFSF13B 4.880 4.26E-13 6.843 2.73E-15 7.269 2.50E-35 4.945 1.17E-25 2.688 1.08E-12 3.227 8.69E-01 

TSLP 0.062 9.03E-01 2.734 1.10E-07 1.139 3.96E-05 -0.040 9.39E-01 -0.153 9.61E-01 0.141 5.17E-16 
IL33 0.255 6.49E-01 2.633 3.31E-06 1.941 6.42E-04 2.391 6.76E-05 0.728 7.47E-01 0.383 8.12E-01 

LGALS9 2.377 6.38E-04 2.534 5.61E-05 2.799 4.96E-20 1.740 3.76E-11 1.192 1.20E-05 1.156 2.37E-05 
IL12A 0.291 1.34E-01 2.011 2.09E-09 1.809 5.64E-12 0.245 4.27E-01 0.183 9.28E-01 0.255 6.40E-01 
IL15 1.313 1.42E-07 1.737 5.33E-10 1.420 4.48E-14 0.486 4.22E-03 0.146 8.96E-01 0.564 7.82E-03 

LGALS1 0.200 6.67E-01 1.604 7.58E-05 -0.272 6.76E-01 -2.041 6.45E-04 -0.356 9.38E-01 -0.037 9.77E-01 
IL12B -0.096 8.55E-01 1.529 1.44E-04 0.114 7.59E-01 0.336 3.62E-01 0.242 9.14E-01 1.049 5.08E-03 

IL4 0.001 9.97E-01 1.088 9.88E-05 0.115 2.88E-01 0.003 9.90E-01 0.055 9.61E-01 0.051 8.65E-01 
IL18 -0.022 9.48E-01 1.065 3.24E-05 0.264 4.70E-02 0.308 2.96E-02 0.015 9.98E-01 0.005 9.93E-01 
IL7 0.794 3.37E-02 0.988 2.89E-03 1.997 1.79E-16 1.052 6.16E-07 0.092 9.74E-01 0.371 3.33E-01 

 

Table 19 PBEC - T cell activation, surface bound, gene expression in response to all four viruses 

 

 RSV  24h H3N2  24h H1N1  24h H1N1  48h SARS1  72h SARS1  84h 
SYMBOL Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR Log2FC FDR 
CD274 1.904 3.94E-05 6.221 5.03E-12 4.558 5.63E-30 2.262 1.23E-14 1.093 1.68E-04 1.175 4.09E-05 

CEACAM1 2.870 2.61E-08 5.742 3.46E-13 3.180 2.20E-25 3.172 3.54E-22 0.842 1.43E-04 0.987 1.54E-04 
CD83 0.988 1.99E-02 5.143 2.59E-10 3.816 1.00E-25 -0.259 4.11E-01 0.549 2.16E-01 0.460 3.24E-01 

CD200 0.131 7.52E-01 3.397 3.13E-09 1.162 8.52E-06 0.053 9.10E-01 0.184 9.38E-01 0.086 9.22E-01 
CD70 1.696 2.42E-06 3.223 1.22E-10 0.863 2.74E-04 -0.627 1.34E-02 0.043 9.94E-01 0.171 7.94E-01 

PDCD1LG2 0.638 6.30E-03 3.107 5.88E-11 1.709 4.37E-24 0.230 7.57E-02 0.052 9.74E-01 0.196 4.00E-01 
B2M 1.259 4.53E-05 2.908 3.88E-04 2.017 3.24E-08 2.066 8.88E-09 0.558 3.61E-01 0.827 9.71E-04 
CD55 1.529 5.59E-01 2.873 8.98E-05 2.054 2.21E-05 2.053 9.28E-04 1.944 1.83E-03 1.078 1.44E-01 
HLA-G 2.427 4.21E-03 2.571 1.45E-03 1.483 3.18E-11 0.883 1.84E-03 0.397 3.14E-01 0.342 5.72E-01 
CD47 1.415 8.94E-03 2.045 8.10E-08 1.712 1.36E-13 0.745 1.05E-02 0.361 4.86E-01 0.379 3.51E-01 
HLA-F 1.909 4.61E-09 1.843 1.79E-08 2.399 2.52E-21 2.636 8.41E-24 0.697 4.07E-04 1.217 1.80E-10 
HLA-E 1.782 4.79E-05 1.444 1.50E-05 1.807 1.27E-12 2.157 8.73E-16 0.484 1.50E-01 0.910 6.83E-04 
HLA-A 1.883 7.39E-09 1.429 2.08E-08 1.763 1.67E-09 2.329 3.47E-13 0.495 2.26E-01 1.043 8.24E-04 
HLA-B 1.251 1.24E-07 1.179 2.57E-07 1.678 7.51E-11 2.208 2.25E-15 0.726 5.23E-03 1.159 2.04E-06 
CD276 0.349 9.43E-01 1.141 4.02E-05 0.366 5.92E-02 0.495 1.78E-02 0.045 9.90E-01 0.347 3.81E-01 

HLA-DPA1 1.236 1.18E-02 -0.678 4.81E-02 0.509 3.22E-02 -0.087 8.16E-01 0.029 9.96E-01 0.081 9.05E-01 

Differential expression results for chemokine encoding genes from the PBEC – T cell signature are shown for all four viruses.  The GSE47961 
timepoints which overlap with those used for the GSE32138 data as well as the timepoints with the greatest impact on gene expression were 
chosen for comparison. Log2 fold change (Log2FC) and FDR adjusted P values are arranged by descending log2FC for H3N2 24h. FDR significance 
values are coloured with a 3 point scale: yellow = > 0.05. 
 

Differential expression results for secreted cytokine encoding genes from the PBEC – T cell signature for all four viruses. The GSE47961 time points with 
the greatest Impact on gene expression or which overlap with the GSE32138 data, were chosen for comparison. Log2 fold change (log2FC) and FDR 
adjusted P values (FDR) are Arranged by log2FC for the H3N2 24h data. Significance values are coloured with a 3 point scale: yellow = > 0.05. 

Differential expression results for surface expressed molecule encoding genes from the PBEC – T cell signature for all four viruses. The GSE47961 
time points with the Greatest Impact on gene expression, or which overlap with the GSE32138 data, were chosen for comparison. Log2 fold 
change (log2FC) and FDR adjusted P values (FDR) Are arranged by descending log2FC for the H3N3 24h data. Significance values are coloured 
with a 3-point scale: yellow = > 0.05. 
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3.3 Discussion 

This chapter explored transcriptomic changes induced by four respiratory viruses, H3N2, RSV, H1N1 

and SARS-CoV1, in ALI models of airway infection. There were considerable differences in the 

number of genes DE by each virus as well as both similarities and differences in the biological 

processes influenced by each infection. Genome wide DE analysis identified significant enrichment 

of immune system related pathways in genes upregulated by all four viruses. Genes relating to 

innate responses such IFN stimulated genes, were significantly DE by each virus to broadly similar 

extents. These antiviral gene pathways dominated the response generated by SARS-CoV1 and RSV 

and made up the bulk of the relatively small number of genes DE by these viruses. Both H1N1 and 

H3N2 produced a considerably stronger and more varied transcriptomic response with many more 

cytokine encoding genes upregulated by each virus than was seen for RSV or SARS-CoV1. IFN 

inducible gene expression was broadly similar but the overall transcriptomic response to H1N1 and 

H3N2 was more varied and had a larger effect size than was seen in response to RSV or SARS-CoV1 

infection.  

Exploring the temporal changes in gene expression in response to H1N1 and SARS-CoV1 identified 

that for H1N1, antiviral gene expression begins immediately with significant DE of genes with roles in 

antiviral immunity occurring as early as 6h post infection. In contrast, antiviral gene expression 

begins to occur 48h after SARS-CoV1 infection and required 3 days for many genes to be 

upregulated.  GO:BP terms relating to the inflammatory response and cytokine expression were 

significantly enriched in genes DE by H1N1 at slightly later time points, 12-18hpi, and were 

maintained at peak levels of upregulation between 24 and 36h, while antiviral gene expression 

declines from a 24h peak until the 48h end of infection.  This clear distinction between immediate 

and later immune responses was not as evident for SARS-CoV1 infection due to the small number of 

genes DE by this virus. The small number of genes downregulated by SARS-CoV1 also complicated 

the comparison with H1N1 as a temporal profile of gene inhibition could not be identified for SARS-



CoV1. Looking at only 48hpi downregulation however, there were similarities between both 

GSE47961 data sets and the H3N2 data. SARS-CoV1 caused downregulation of genes for extracellular 

matrix proteins and both strains of IAV resulted in downregulation of similar genes with additional 

enrichment of cilia function and formation related GO:BP terms. For H1N1, these pathways 

remained consistently downregulated from 24hpi until the 48h end pint. This may point towards loss 

of apical cilia during infection that was not seen in response to RSV and was less pronounced in 

response to SARS-CoV1. A similar study utilising ALI differentiated primary airway cells reported that 

H3N2 resulted in large-scale ciliated cell destruction that did not occur in response to other viruses 

(5 subtypes of Rhinovirus (RV), RSV-B and HCoV-OC43) (118). Biological process terms such as 

“regulation of metabolic process” were also downregulated by both viruses, however in response to 

H1N1, expression levels for genes from these terms return to baseline by 48hpi, suggesting a 

recovery of cellular metabolic functions.  

With only a single time point provided for arrays in the GSE32138 data set, the temporal dynamics of 

H3N2 and RSV could not be explored here. The data from this 24h H3N2 infection was similar to the 

H1N1 arrays from the same timepoint despite a 50% lower initial viral load with H3N2 infected at an 

MOI of 1 and H1N1 an MOI of 2. While the variations in NA and HA which define the IAV subtypes 

can impact infection, the replication kinetics of different isolates of H1N1 and H3N2 virus have been 

shown to be broadly similar during in vitro infection of differentiated human bronchial epithelial 

cells (119). Using an in vivo infection model of the ferret lung (120), different isolates of H3N2 

produced comparable infection of nasal turbinates but only the H3N2 (A/Udorn/307/1972) virus, 

also used in the GSE32138 dataset, was able to efficiently replicate in the lower airways. As the 

models used here utilised only upper airway cultures, it is possible that affinity for infection was 

comparable between these viruses.   

Both strains of IAV also resulted in stronger upregulation of type III IFNS than Type I, supporting 

research in which type III IFNs are produced at higher levels and during longer times in the lung than 
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type I IFNs during influenza virus infection (62). GSE32138 RSV also preferentially induced type III IFN 

expression but to a much lesser extent than the IAV strains. This may reflect the biological reality, for 

example nasal washes from RSV infected infants contain hardly any IFN-α and IFN –β in comparison 

to samples from other viral infections, including IAV (121). However, the 48h incubation period may 

also have been suboptimal as RSV is thought to replicate relatively slowly, reaching peak 

concentrations 4 days into culture, possibly  due to slower spreading between cells (122). It is also 

possible that the low IFN expression seen response to infection are an indication inhibited IRF 

signalling due to virial evasion strategies. For example, the non-structural proteins of IAV (IAV-NS1) 

prevent the activation of several ISGs and the nuclear translocation of NF-κB and IRF3, preventing 

IFN production, while RSV-NS1 and NS2 suppress both the production and signalling of type I and III 

IFNs (123,124).  In experiments with A549, 293T, and HEp-2 human epithelial cells, in vitro infection 

with RSV-A2 or various clinical isolates, failed to induce IFN-a production beyond the levels seen in 

mock infected controls. The authors also demonstrated that RSV infection supressed ongoing type I 

IFN signalling when administered to cells following stimulation with a TLR9 agonist.  

Relatively weak innate immune induction has also been seen for several strains of CoV, suggesting 

an ability to remain undetected by innate immune sensors. One study using an ALI infection model 

demonstrated that cultures infected with SARS-CoV-2 exhibited the lowest expression of 3 ISGs 

when compared with those infected by IAV or RSV (125). Additionally, the Nsp3 protein from 

pandemic CoVs inhibits IFNB production following TLR7 activation and Nsp1 proteins can severely 

inhibit host protein translation, including IFNs, via interaction with the 40S ribosomal subunit (121).  

The PBEC – T cell gene signature developed from this project aimed to compare biologically relevant 

gene expression across viral groups.  Many genes within T cell related biological process terms were 

not relevant to PBEC biology instead describing pathways such as TCR expression. To develop the 

PBEC – T cell signature, genes within these terms which were DE by each virus were selected based 

on whether their products are expressed by airway epithelial cells and able to interact with T cells. 



Chemokine encoding gene expression has perhaps the most direct impact on immune cell regulation 

by airway epithelial cells. However, for most chemokines there are multiple possible target receptors 

expressed by a range of leukocytes, complicating the interpretation of these findings.  

All viruses produced strong induction of CXCL10 and CXCL11, chemokines which bind to and activate 

the receptor CXCR3 expressed on the surface of monocytes, T cells and NK cells. CXCL11 is 

considered the most potent activator of CXCR3 and induces trans-epithelial migration of T cells. Both 

chemokines however are associated with Th1 primed T cell responses. CCL5, CCL4 and CCL3 are all 

ligands for CCR5, while CCL20 interacts with CCR6.  CCL3 and CCL20 were expressed to different 

extents by the viruses discussed in this project, showing greatest upregulation by H3N2. CCL20 is the 

sole ligand for the chemokine receptor CCR6, selectively expressed on immature DCs as well as B 

cells and subsets of CD4+ T cells including effector memory, Th17 and Treg cells (126). A study using 

CCR6-/- mice found defective DC recruitment following infection with RSV as well as reduced lung 

pathology (127). The CCR6 deficient mice were also better able to clear infection and exhibited a Th1 

dominant immune response in contrast to the mixed Th1/Th2 T cell response by WT mice.  The 

relatively week expression of this cytokine in response to SARS-CoV2 infection may point to 

excessive Th1 driven responses. CCL3 is chemotactic for both T cells and NK cells. This chemokine 

has been linked to RSV induced pathology in a murine study using CCL3 knockout mice (128). The 

authors found that CCL3 regulates T cell populations with CCL3 inhibition resulting in higher 

numbers of RSV-specific pro-inflammatory T cells being recruited to the lung.   

The expression of cytokine encoding genes from the PBEC-T cell signature also differed quite 

considerably between viruses, especially concerning IL6, IL23A and IL1B. In addition to showing 

stronger induction by the IAV strains, these genes were also differently upregulated by H1N1 and 

H3N2, with the latter showing stronger induction.  IL6 was upregulated with a 10.5 log2 fold change 

by H3N2 but only log2FC 3.8 by H1N1 at the same 24h time point. Neither RSV nor SARS-CoV1 

infection resulted in differential expression of IL1B or IL23A and RSV also had no impact on IL6. 
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SARS-CoV1 actually resulted in IL6 upregulation at 72h which was stronger than that seen for H1N1 

at 24h. No other gene from the T cell activation signature was upregulated by SARS-CoV1 to his 

extent. Interestingly, high levels of IL-6 have been linked to patient decline in COVID-19 with anti-IL6 

drug Tocilizumab licenced for treatment (129).   

These cytokines have numerous roles in the immune response but may be key drivers of Th2 type 

responses. IL23A encodes a subunit of the heterodimeric cytokine IL-23 which is associated with 

Th17 differentiation and maintenance, most efficiently in conjunction with IL-1β. IL-6, has also been 

linked to Th17 development through induction of IL-21. When considered alongside the differences 

in CCL20, this pattern suggests that H3N2 in particular might induce stronger Th17 differentiation 

and recruitment than the other viruses.  Interestingly, cytokines (IL-6 and CXCL8) released from 

SARS-CoV1 infected ALI differentiated Calu-3 cells have been shown impair DC and macrophage 

activation and priming of naïve CD4+ T cells (130). As in this project, the authors also reported a 

delay in cytokine production with IL6 not becoming significantly distinct form controls until 4 days 

post infection, despite infectious SARS-CoV1 progeny reaching a maximum after 2 days. 

There was more similarity between viruses for many of the surface bound molecules identified in 

this analysis. Antigen presentation via MHC receptors is a key mechanism by which airway epithelial 

cells might influence T cells. In this work however, no viruses caused substantial DE of HLA genes and 

there were no significant differences between the four viruses.  CD83 was most induced by H3N2 

infection and not upregulated by RSV or strongly induced by SARS-CoV1. This gene encodes a surface 

receptor most commonly associated with dendritic cells, however a soluble form of the encoded 

protein has recently been shown to suppress antigen-specific Th2 response in the nasal mucosa 

(131).  CEACAM1 and CD274 point to regulation of CD8+ T cell activation and inhibition and were 

also most prominently upregulated by H3N2 with minimal DE by RSV or SARS-CoV1. The product of 

CD274 (PDL-1) is a central component of CTL inhibitory signalling via PD-1. Interactions between 

PDL-1 and PD-1 may contribute to the functional inactivation of virus-specific CD8+ T cells during 



chronic viral infection (132). CD274 is upregulated immediately by H1N1 but with greatest 

magnitude by H3N2 and is only minimally DE by both RSV and SARS-CoV1 (at 72h).  CEACAM1 

encodes a transmembrane protein expressed by epithelial cells at mucosal sites as well as some 

immune cells (126). It functions as an attachment molecule for bacteria and the two identified 

isoforms of the transmembrane CEACAM1 domain have been described to either activate T cells and 

induce Treg formation or inhibit activated T-cell function. CEACAM1 may be essential for CD8+ T cell 

activation as the absence of CEACAM1 on virus-specific CD8+ T cells limits the antiviral CD8+ T cell 

response in both in vivo murine lymphocytic choriomeningitis virus (LCMV) infection and human 

Peripheral Blood Mononuclear Cells (PBMC) (133). CEACAM1 can be activated by contact with other 

CEACAM1 molecules so a role for direct epithelial – T cell activation is an interesting possibility.  

The similarities seen for both strains of IAV despite the experimental work being performed by 

different researchers, using different PBEC and different strains of IAV, supports the validity of 

comparing DE across these data sets. The use of the same microarray platform in each data set 

improved the direct comparability however, this work could benefit from using additional methods 

of meta-analysis in which the data are combined prior to shared normalisation and DE analysis. 

Despite this, the work presented here provides an interesting comparison of these four common 

respiratory viruses.  
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Chapter 4 In vitro infection model development 

4.1 Introduction 

Most RSV infection models in the literature utilise immortalised cell lines such as VERO-E6 or Hep-2 

cells in 2D cultures. However, 2D models cannot represent the airway architecture beyond the 

responses of a single cell type and frequently lack comparable viral entry receptor expression. 

Immortalised cell lines are also distinct from primary cells and may show greater susceptibility to 

viral infection which does not reflect biological reality. Well differentiated airway epithelial cell 

models re-create several aspects of the in vivo airway including pseudostratified epithelium, cilia 

beating and mucus production. Human primary bronchial epithelial cells (PBEC) are not always 

available and are prone to donor related variability. A secondary goal of this work was to establish 

an RSV ALI infection model using the recently developed immortalized human airway basal cell line 

BCi-NS1.1. These cells retain characteristics of the originating primary cells over long-term culture. 

Importantly, they show multipotent differentiation capacity producing ciliated epithelial cells as well 

as goblet cells in ALI culture. If successful, this model would combine the biological validity of a 

polarised epithelial cell model with the consistency of a cell line.   

The viability of laboratory strain RSV-A2 was confirmed using the known RSV permissive cell line 

VeroE6. This was followed by imaging of RSV infection in monolayer cultures of BCi cells prior to ALI 

culture infections.  In the 3D models, cells from both the large and small airways were used with a 

view to identifying differences in response to RSV. Successful modelling of both airway 

compartments using this model would offer important insight into the pathology of RSV.  No studies 

have been found that demonstrate RSV infection in ALI cultures of the large airway BCi cell line or 

the small airway BCi.  For this project, RSV infection was carried out with a 72h maximum post 

infection incubation period. The protocol used was based on previous work using this BCi model for 

IAV infection as well as studies showing that RSV has a slower rate of growth than IAV both clinically 



and in vitro (122). This chapter describes the steps taken to fulfil these goals and complete aims 1-2 

of this project. 

 

4.2 RSV visualisation in monolayer cell infections 

Initial work with monolayer cultures of VERO cells was able to show viability of the new RSV-A2 

strain. The first plaque assay (Figure 4-1) showed complete cell death in response to the first and 

second serial dilutions of RSV containing 3.5x105 and 1.75x105 PFU of virus.  The amount of cell lysis 

reduces with decreasing viral concentration however, there was no point at which defined plaques, 

regions of cell death constrained to discreet foci, were visible. RSV produces relatively small plaques 

in contrast to other viruses. This may be a factor here however, the lowest concentrations of virus 

D4 (4.37x104 PFU) and D5 (2.18x104 PFU) offer the best possibility of observing plaque formation or 

the presence of multinucleated cells (syncytia) which would be a more definitive indication of 

cytopathic effect (CPE)  

.  

Figure 4-1 VERO cell monolayers were highly susceptible to cell lysis following infection with serial dilutions of RSV-A2. 

VERO E6 cells were grown to confluence on 12 well plates before infection with 2-fold serial dilutions of RSV. An overlay 
consisting of 0.3% agarose was added to the cells after a 2h infection period to prevent viral movement through the 
supernatant. Restricting spread to cell-to-cell contact encourages plaque formation as infected cells lyse. RSV produces 
relatively small plaques in VERO cells however, it is unlikely that plaque formation happened here. There was considerable 
cell death at the highest concentration D1 and D2 dilutions as well as substantial cell death in D3 and D4 infected cells. 
Calculated PFU for each 2-fold serial dilution of RSV-A2 are included in the accompanying table. 
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Broad cell lysis could be explained by inadequate restriction of viral movement using the 0.3% 

agarose overlay. The experiment was therefore repeated using only the D4 and D5 serial dilutions 

with overlays consisting of 0.5% agarose or Avicel (microcrystalline cellulose) to increase the 

likelihood of plaque formation. Widespread lysis was not observed in this experiment and small 

defined plaques were visible in all infected wells, most clearly in wells with Avicel overlay and the D5 

RSV-A2 dilution (Figure 4-2 Arrow). Clumps of apoptotic cells and multi nucleated giant cells 

(syncytia) were visible throughout the infected VERO cell monolayer (Figure 4-2 B Circle).   

 

 

 

 

Figure 4-2. Low concentrations of RSV-A2 resulted in defined plaque formation in VERO cell monolayers using Avicel overlay 
medium. 

 

Based on this plaque assay, RSV-A2 was used at the 3rd, 4th, and 5th serial dilutions, 8.75x104, 

4.37x104 and 2.18x104 PFU respectively, per well for BCi monolayer infection.  Representative 

images of RSV-G immuno-fluorescent imaging of this infection at 100x and 200x magnification are 

shown alongside an uninfected sample at 100x magnification in Figure 4-3.   

RSV-G was primarily detected in groups of cells along the edges of gaps in the cell monolayer. There 

was no visible difference in the number of cells staining positive for RSV-G with each concentration 

B.  A. 

In image A, uninfected cells (NI) show some damage to the cell layer post staining but no plaques visually or 
microscopically. D5 infection produced clear plaques (arrow). More plaques are present in the D4 infection but less 
clearly defined. Image B. Microscopic imaging of plaques formed in the D5 Avicel well. 1000x Image is representative 
of duplicate wells. A tightly packed ball of cells (syncytium) fused together by RSV-F with evidence of apoptosis is 
circled. These cells lyse to produce the small regions of absent staining referred to as plaques. 



of virus. At 200x magnification some groups of cells are surrounded by the same RSV-G covered cell 

membrane.  

 

Figure 4-3 Immuno-fluorescent staining of RSV-G protein in BCi-NS1.1 2D cultures BCi 2D culture infected with low 
concentrations of RSV. 

  

 

4.3 ALI Cultured BCi show inconsistent evidence of productive RSV-A2 

infection   

BCi cells cultured using the ALI method formed a polarised layer of pseudostratified epithelial cells 

with beating cilia present on the apical surface. H&E staining shows clearly defined cilia at 200x 

magnification as well as a layer of denser staining cells along the transwell membrane suggestive of 

basal cells (Figure 4-4 A). TEER readings taken every 2 days following removal of the apical media 

show increasing membrane resistance as the cells differentiated. This is reported as Ohms*CM2 in 

Figure 4-4 B, calculated by multiplying the sample resistance of replicate wells by the surface area of 

the transwell membrane (0.33cm2).  

BCi monolayers cultured in 4 well chamber slides were infected with low concentrations of RSV before fixation and 
immuno-fluorescent imaging of RSV-G protein using Goat anti-Rabbit AF-568 conjugated secondary antibodies. Cell 
Nuclei are stained with DAPI (BLUE). No red staining is evident in the uninfected cells while there is bright RSV-G 
staining covering the surface of multiple individual and combined cell nuclei in the chamber exposed to RSV.  
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Initial RSV infection in BCi ALI utilised a 72h infection period with a 2.5ul dose of RSV per insert, 

equivalent to 1.75x105 PFU.  These parameters were based on previous work from the group as well 

as the relevant literature. Results from PCR analysis of these experiments are shown in Figure 4-5. 

The primary endpoint was RSV-N gene amplification over the course of infection, with fold changes 

calculated for 72hpi relative to 2hpi samples. The four replicate experiments available for analysis of 

72h infection resulted in RSV-N fold changes of 0.28, 77.37, 18.07 and 10.57 (Replicates 1,2,3 and 5). 

A fourth replicate experiment was excluded due to loss of the infected 2hpi baseline sample.  In the 

third and fifth replicate experiments, additional samples collected at 48hpi show 3.37- and 1.31-fold 

increases in RSV-N. This variability continued into the CXCL10 analysis with 25.84, 153.14, 97.92, 

5.58-fold increase in expression at 72hpi relative to uninfected 2h samples. The fourth experiment 

resulted in only 2.13-fold increase in CXCL10. Upregulation of CXCL10 also occurred in infected 

samples at 2hpi as well as in uninfected samples at 72hpi. There was no significant difference 

between infected samples and uninfected samples at either time point.  

 

← Apical Cilia 

← Pseudostratified nuclei 

← Basal layer 

A. 

Figure 4-4 BCi ALI culture produced a polarised cell layer of differentiated airway epithelial cells confirmed by H&E 
staining and TEER 

BCi-NS1.1 cells cultured at the ALI differentiate from basal cells into a polarised layer of pseudostratified airway 
epithelial cells with apical cilia and mucus production. A. H&E staining of mature BCi ALI. B. TEER readings reported 
as Ohms*CM2 for average readings taken from n=3 plates of BCi ALI every 2 days. Increasing membrane resistance 
suggests tight junction formation occurring during ALI culture.  

B. 
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Figure 4-5 BCi-ALI RSV-A2 infection resulted in inconsistent RSV-N amplification and CXCL10 expression. 

  
The experiment was repeated using BCi-SA ALI with an additional 5ul (3.5x105 PFU) RSV-A2 infection, 

the result of qPCR relative expression of RSV-N and CXCL10 for these experiments are shown in 

Figure 4-6. These cells were less convincingly infected than the larger airway BCi ALI; RSV-N was 

mildly increased (2.28-fold) at 72hpi in one replicate 5ul infection relative to 2hpi, however the 

remaining infections resulted in an overall slight reduction in RSV-N expression. CXCL10 was also not 

upregulated in these cells at 72hpi relative to 2h controls. There was a slight dose dependent 

increase in the 2hpi samples, however CXCL10 was not upregulated by approximately 2-fold in both 

infected and uninfected samples at 72h. 
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Figure 4-6 SA BCi ALI Do not show changes in RSV-N or CXCL10 expression after 72h RSV-A2 infection. 

 

BCi-ALI were infected apically with 2.5ul (1.75x105 PFU) of RSV-A2 in 50ul HBSS for 2h followed by incubation for a further 46 and 
70h. RNA samples collected at the 2h, 48h and 72h time points were analysed by RT-qPCR to assess expression of RSV-N and 
CXCL10 at 72h relative to 2hpi samples (RSV-N) or 2h uninfected controls (CXCL10). There was considerable variability between 
replicate infections resulting in no statistical significance between conditions. 2h and 72h samples n=5, 48h samples n=2. 

Small airway BCi ALI were infected with either 2.5ul or 5ul of RSV-A2 (in 50ul HBSS) per insert for 2hours followed by 72h 
incubation. RNA samples collected 2 and 72 hours post infection (hpi) were reverse transcribed to cDNA and processed for 
qPCR analysis of RSV-N and CXCL10. A) RSV-N mRNA decreased overall relative to the 2hpi baseline in all but 1 of 4 replicate 
experiments and only modestly in this sample. B) CXCL10 mRNA increased in an RSV dose dependent manner only at 2hpi. 
Subsequent 72h samples show less than 2-fold upregulation of CXCL10, equivalent to 72h uninfected samples (N=3) 
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Given the more productive, yet inconsistent, infection observed with the large airway BCi-ALI, a 

repeat experiment was devised with modifications made to the protocol to account for potential 

sources of error. The HBSS inoculum used previously was replaced with serum free ALI infection 

media, described in methods, and the inserts were rinsed 5 times in HBSS after the 2h infection 

period before harvesting the 2h samples. Both modifications were based on a similar experiment 

from the literature. These experiments also included a 5 point 2-fold serial dilution of RSV-A2 

including concentrations higher and lower than the 2.5 and 5ul inoculum used previously. RSV-N and 

CXCL10 mRNA was then measured as before, with each 72h infected sample compared to dose 

matched 2hpi baseline samples (RSV-N) or 2h uninfected controls (CXCL10). Results from this 

analysis are shown in Figure 4-7. 

There was no difference in RSV-N expression between 72hpi and 2hpi dose matched samples using 

relative expression calculations. Amplification of RSV-N over the course of infection only occurred in 

one replicate 5ul RSV infection which produced a 67-fold upregulation of RSV-N over 72h, all other 

replicates of this RSV-A2 concentration resulted in fold changes between 0.9 and 1.5. The 1.25ul 

(8.75x1004 PFU) experiments were slightly more consistent yet weakly productive resulting RSV-N 

upregulation between 1.6 and 6.7-fold.  2.5ul (1.75x1005 PFU) infection resulted in 0.8 and 2.5-fold 

changes, 10ul (7x1005 PFU) infection between 0.5 and 3.9-fold and 20ul (1.4x1006 PFU) infections 

between 0.3 and 2.4-fold. There was a dose dependent decrease in RSV-N Ct value in the 2hpi 

samples, however by 72hpi this distinction is lost.  A similar pattern was seen for CXCL10 expression 

(Figure 4-7C), however there was stronger induction of CXCL10 in some samples, despite low RSV-N 

expression. The highest induction was seen in one replicate of a 5ul RSV-A2 infection.  
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C. A similar pattern is seen for CXCL10 expression relative to
uninfected 2h samples.  n=5

A. B.

C.

 

Figure 4-7 Repeat BCI-ALI RSV-A2 infection using a range of concentrations and modified protocol resulted in less evidence 
of productive infection 

 

 

4.4 Primary ALI cultures are readily infected with RSV 

4.4.1 RSV-G protein visualisation in PBEC cultures 

PBEC have been shown to be permissive to RSV infection in the literature so were used as a final 

experiment to determine whether the poor infection seen in the BCi ALI was cell type dependent. 

PBEC obtained from resected lung tissue (TL1831) and enriched with bronchial epithelial cells were 

initially infected as monolayer cultures and prepared for immuno-fluorescent imaging of RSV-G 

protein. The same low concentrations of RSV-A2 and infection parameters utilised with BCi 

monolayers were used for this PBEC infection. Red AF-568 staining was evident over the entire 
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surface of infected PBEC with some nuclei appearing to be covered by the same RSV-G positive 

membrane. These cells had a less organised appearance and were much larger than the 

undifferentiated BCi cells. Doubling the concentration of RSV had no noticeable impact on the 

number of cells with positive staining.  Figure 4-8 displays representative 200x magnification images 

of duplicate chamber slide compartments exposed RSV-A2 for 72h as well as an uninfected sample.  

 

Figure 4-8 PBEC monolayer culture RSV-G immuno-fluorescent imaging 

 

After ALI differentiation, primary cells from the TL1831 sample produced mucus and had beating 

cilia on the apical surface. TEER reached an average of 450 Ohms.CM2 21 days after airlift at which 

point the cells were prepared for infection. H&E staining of the TL1831 ALI following infection with 

RSV-A2 (2.5ul/ insert, (1.75x1005 PFU) shows cilia expression and possible pseudo stratification, 

however the cell layers are not as defined as the BCi-ALI Figure 4-9. 

Primary bronchial epithelial cells were cultured in 4 well chamber slides and infected with serial dilutions of RSV-A2. 
Representative images of D4 and D5 infections show RSV-G staining (red) using AF-568 conjugated secondary 
antibodies DAPI stained nuclei (blue) at 200x magnification 



 

Immuno-fluorescent staining of the same sample identified RSV-G in the cytoplasm of cells focused 

on the apical surface of the ALI section (Figure 4-10 B). There is also a cluster of nuclei surrounded 

by RSV-G staining (Arrow). No red staining was present in another section of the same embedded 

sample used as a control for non-specific binding of the conjugated secondary antibody Figure 4-10 

A. This sample was exposed to all conditions of the staining protocol with the exception of the RSV-G 

primary antibody.  

 

Figure 4-10 PBEC ALI RSV-G Immuno-Fluorescent imaging 

Primary bronchial epithelial cells cultured at ALI were infected with RSV-A2(MOI-1) for 2h followed by 72h incubation. 
Paraffin embedded 5µM sections were stained for RSV-G protein using AF-568 conjugated secondary antibodies (red) and 
DAPI (nuclei) and TRITC (RSV-G) channels merged to produce image at 200x magnification. A. Primary RSV-G antibody 
omitted from staining protocol to identify any non-specific secondary antibody binding. B. Fully stained cells. 

ALI differentiated Primary bronchial epithelial cells were infected with 2.5ul of RSV-A2 per insert for 2 hours followed 
by a further 70hrs incubation.  ALI were fixed in 4% PFA followed by brief storage in 70% ETOH prior to paraffin 
embedding. The same 5µm section is shown here stained with H&E and imaged at A. 100x and B. 400x 
magnification. Nuclei are stained blue while cytoplasm and cellular structures including cilia are pink 

ALI differentiated Primary bronchial epithelial cells were infected with 2.5ul of RSV A2 per insert for 2 hours followed 

Figure 4-9 Haematoxylin and Eosin staining of TL1831 PBEC ALI  

A. PBEC ALI RSV-A2 2.5ul 72hpi   
     100x magnification 

B.  PBEC ALI RSV 2.5ul 72hpi   
      400x magnification 

B.  RSV-G  AF568  
     200x magnification 

A.  Secondary only Control 
     200x magnification 
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4.4.2 PBEC ALI antiviral gene expression qPCR  

Gene expression was explored in two PBEC samples at the time of writing, the TL1831 sample and an 

additional TL2022 sample which was not enriched with PBEC before culture (described in methods). 

TL1831 ALI samples exposed to 2.5, 5 and 10ul of RSV for a total incubation period of 72h were 

prepared for qRT-PCR. An additional sample, TL2022, was exposed to 2.5ul and 5ul of RSV-A2 for the 

same duration and using the same experimental conditions. These samples differ only in their donor, 

the gross architecture of the tissue source and steps taken prior to initial cell culture. RSV-N mRNA 

was increased with all three concentrations of RSV in the TL1831 sample, most prominently in 

response to 5ul infections (Figure 4-11. A).  

The highest concentration of RSV-A2, 10ul, produced a relative decrease in RSV-N expression (fold 

change 17.5) compared to the 2.5ul (fold change 30.84) and 5ul (fold change 60.42) infections.  

Transcriptional upregulation of CXCL10 was several hundred times higher in infected samples at 

72hpi relative to the 2h uninfected control (Figure 4-11. B & C). RSV-A2 used at 5ul per well 

produced 895-fold induction of CXCL10 at 72hpi, 2.5ul RSV-A2 resulted in 415-fold upregulation and 

the highest 10ul RSV-A2 concentration resulted in 666-fold upregulation.  CXCL10 expression also 

shows a dose dependent increase in the 2hpi samples ranging from 3.6-12.9-fold upregulation in the 

2.5, 5 and 10ul RSV-A2 infections respectively. In uninfected samples, CXCL10 was only 4.3-fold 

higher at 72h relative to 2h. 

TL2022 ALI samples produced more modest 18.36-fold upregulation of RSV-N at 72hpi with 2.5ul 

infections. This decreases to 11.09-fold upregulation with the more concentrated 5ul infection, 

however, Ct values for RSV-N were lower for the higher concentration infections at each time point. 

CXCL10 expression does show a dose dependent increase at 72hpi, with 169.48 and 210.64-fold 

upregulation for 2.5 and 5ul RSV infection respectively. 
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Figure 4-11 Primary ALI RSV-N and Antiviral gene expression by qPCR 

Primary bronchial epithelial cells cultured at ALI were infected with RSV for 2h followed by a further 70h incubation period. 
A. Relative expression of RSV-N at 72hpi calculated in reference to matched 2hpi samples. B. CXCL10 expression was 
calculated relative to 2h uninfected samples. The CXCL10 gene plot used a split y axis to show all data points more clearly. 
RSV-A2 2.5ul and 5ul infection N=2, RSV-A2 10ul infection n=1. 

4.5 Discussion 

This project aimed to explore the use of the BCiNS1.1 basal cell line as an ALI model of RSV infection. 

These cells have shown good differentiation capacity both in the introductory paper and in this 

project. Defined and beating cilia were consistently observed on the apical surface within a week of 

airlift and can be seen in paraffin embedded sections stained with H&E. Despite this, the RSV-A2 

infections were not repeatable either across replicate experiments or within an individual plate. The 

new stocks of RSV-A2 purchased for use in this work appear to be viable as they produced evidence 

of cytopathic effect and possible syncytia formation in monolayer cultures and RSV-N was amplified 

over time in some ALI infections. Immuno-fluorescent staining of RSV-A2 infected BCi monolayers 

showed RSV-G staining coating the entire surface of discreet patches of cells. There was also 

evidence of multinucleated cells and possible cell lysis. Although additional staining of cellular 

structures would be needed to confirm, these multinucleated cells could be evidence of syncytia 



105 
 

formation which is known to occur during RSV infection in vitro (54).  Undifferentiated BCi are basal 

cells isolated from the large airways of a healthy non-smoker. Basal cells have been shown to be 

permissive to RSV infection in vitro (134), and this may occur in the infected lung following damage 

to overlaying epithelial cell layer. Other immortalised airway epithelial cell monolayer cultures have 

been infected with RSV and produced similar staining patterns to those shown in this project. Low 

MOI infection of 2D cultures of the BEAS-2B simian virus 40 (SV40)-transformed bronchial epithelial 

cell line produced small foci of RSV infection at 48hpi with no visible difference in the number of 

cells infected with RSV at MOI 0.1 or MOI 0.3 at 24 or 48hpi suggesting that only certain cells are 

initially infected (135).  

 While no studies have yet shown RSV infection in BCi ALI cultures, the work conducted in this 

project suggests that RSV-A2 infection can occur, at least in the large airway BCi cell line. Differences 

in susceptibility to RSV have been observed in ALI cultures of PBEC from different airway 

compartments. In one study (54), well differentiated cultures of primary paediatric bronchial 

epithelial cells were slightly more susceptible to infection than well differentiated nasal cells from 

the same person.  Another study (136), reported reduced RSV-A2 susceptibility in small airway cells 

(SmallAir: primary small-airway human airway epithelial cells) than in upper airway cells (MucilAir: 

primary nasal or bronchial human airway epithelial cells). Both cell types were infected however 

replication was found to be slower in the small airway cells although cytokine production was 

comparable. In this project, both CXCL10 and RSV-N were consistently not upregulated in SA-BCi ALI 

despite the cells initially showing a response to infection with CXCL10 upregulation at 2hpi. 

RSV is thought to preferentially infect ciliated epithelial cells from the apical surface and to enter the 

cells either by direct fusion with the target cell plasma membrane or via receptor mediated 

endocytosis. The rate of infection is therefore heavily dependent on expression of viral attachment 

proteins in the culture model.  Unlike IAV which can utilise NA to spread between cells, a study using 

well differentiated primary airway epithelial cells from the upper airways suggests that RSV spread 



between cells occurs at the apical surface and depends on cilia beating to move viral particles 

through the airway mucus/fluid layer (137).  The cells became more permissive to infection as they 

differentiated into a ciliated phenotype and infection was limited to ciliated cells even when the cell 

layer was compromised. The differentiation state of the ALI used in this project was confirmed using 

TEER and visual confirmation of cilia and mucus production. H&E staining was only conducted on the 

samples shown however and additional staining of markers of differentiation, such goblet cells or 

tight junctions, was not carried out.  In the absence of these experiments, it is possible that the 

variation observed in this work could be due to inadequate differentiation of samples.  

Increasing the number of apical washes from 2 to 5 could have improved the protocol by ensuring 

that all unbound RSV was removed prior to 2hpi sample collection and continued incubation of the 

72 or 48h samples. Some replicates of each experiment, especially BCi-1 which resulted in a 0.83-

fold decrease in RSV-N, did have lower than average RSV-N Ct values in the 2hpi samples. If RSV-A2 

was not fully removed at this point it would both artificially reduce the calculated relative expression 

and could increase the antiviral response of the cells, as measured here by CXCL10, due to prolonged 

exposure to RSV.  In this case, the dose curve experiment resulted in even poorer evidence of RSV 

infection; however, it is unclear if this is due to the increased washes or the use of media instead of 

HBSS for the viral inoculum. In retrospect, the proprietary PneumaCult ALI 10x supplement used in 

the ALI infection media could contain substances which would inhibit infection when applied with 

the viral inoculum.  

The PBEC ALI infections utilised the original protocol and resulted in stronger evidence of RSV 

infection suggesting that differences in RSV infection are likely cell based.  There was considerably 

stronger CXCL10 induction in PBEC ALI than in the BCi-ALI in both donor samples as well as more 

convincing RSV-N amplification, especially in the TL1831 cells. RSV-G protein was also shown coating 

the surface of apical cells in RSV infected TL1831 ALI. The differences in RSV-N and CXCL10 fold 

change data between cells from each donor could represent donor variation in RSV susceptibility.  
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The 2hpi samples from both donors produced a linear decrease of approximately 1 Ct per doubled 

RSV concentration as would be expected. TL1831 ALI infection resulted doubling of RSV-N and 

CXCL10 fold changes between 2ul and 5ul infection at 72hpi but a relative reduction in fold change in 

response to the highest 10ul infection. This could indicate human error during sample or experiment 

preparation or could indicate decreased cell viability or reduced viral replication with this 

concentration. Excessive concentrations of RSV have been shown to impair infection due to an 

elevated number of short interfering particles, defective fragments of RSV which prevent productive 

replication (138). The TL2022 infections resulted in lower overall fold induction of both RSV-N and 

CXCL10 than was seen for the TL1831 samples. There was also a decline in RSV-N fold change in 

response to 5ul RSV infection compared to 2.5ul infection. In this case, there was still a dose 

dependent increase in the antiviral response of the cells as measured by CXCL10 expression. If these 

are true findings, the TL2022 samples may be less susceptible to RSV-A2 infection than the TL1381 

samples, possibly due to cellular characteristics or differentiation state. TL1831 ALI were generated 

from a sample containing visible airways which were scraped to enhance the PBEC concentration of 

the initial cultures. This was not possible for the TL2022 tissue sample which had no visible airway 

structures. Greater information about the phenotype of these cells would need to be obtained by 

continuing the imaging experiments to show adequate differentiation as well as entry receptor 

expression and RSV localisation in the cells.   

The larger airway BCI ALI show evidence of productive infection in some replicates but poor 

consistency meant that there were no significant differences in RSV-N or CXCL10 expression 

between 72hpi and 2h samples overall.  If the ALI model can be optimised to improve consistency, it 

holds promise as a reliable model of RSV infection. Confirmation of ALI differentiation as well as the 

health of the cells prior to infection would be a necessary next step to achieve this goal. Whilst TEER 

is a useful proxy for differentiation, it only measures changes in electrical resistance over the 

membrane and cannot give an indication of full differentiation or cell viability.  In this work, 

epithelial barrier integrity stabilises at around day 15 post airlift, and the cells were used for 



infection at day 21 to day 28. No confirmation of differentiation state beyond that time frame, or 

evaluation of changes which might occur during the window of infection have been carried out.  In 

addition to viability, general cell stress could impact the infection results. CXCL10 was used as a 

measure of antiviral response in these experiments as it is known to be produced early into infection 

with RSV. However, CXCL10 is also mildly upregulated in uninfected cells over the same time frame. 

To confirm whether changes in CXCL10 are the result of productive infection, inactive RSV-A2 should 

be included as an additional control.  
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Chapter 5 Discussion and Future Work 

This project was successfully able to identify differences in T cell related gene expression in response 

to the viruses discussed, supporting the main hypothesis of this work. However, there were 

limitations to the conclusions which can be drawn from this work alone. Most importantly, 

transcriptomics analysis from these culture models cannot provide insight on the wider 

inflammatory response in the airways. Inflammatory cells will introduce additional signalling 

molecules in response to those released by the infected epithelium providing feedback which could 

change the overall presentation in natural infection. Additionally, the PBEC- T cell gene signature 

identified in this work contains genes with varied functionality. Determining whether their 

expression in response to each virus will impact T cell signalling from PBEC would require more 

direct measurement of this interaction. Transcription alone does not always correlate with 

translation, meaning that the differences identified here could also be lost due to variations in 

protein expression. With more time, the differences between H1N1 and H3N2 responses would 

receive more attention. Specifically, the GSE47961 dataset is associated with two other subseries 

containing additional repeats of the same experiments as well as H1N1 infection at MOI-1. Including 

these arrays could improve the significance of the findings and add additional information about the 

impact of MOI on the H1N1 data. Similarly, super series GSE32140, which includes the GSE32138 

subseries, contains datasets exploring PBMC responses to RSV and IAV which would also be 

explored. 

While this was not shown to be reliable by the time of submission, with additional work, the BCi-

NS1.1 cell line could be a suitable candidate for RSV infection modelling. ALI differentiated models of 

infection are increasingly used in the literature however no one has shown BCI-ALI infection with 

RSV. Future work on this model will need to improve consistency in ALI generation, both in terms of 

the passage number used for seeding, the length of time between airlift and infection. The former 

was not possible to control during this project and the latter was maintained within a reasonable 



window however, as the DE analysis has shown, days can make a big difference in the antiviral and 

developmental state of ALI differentiated cells.  Additional steps to confirm validity of the model 

would be to monitor differentiation state more closely, for example through measurement of cilia 

gene expression or imaging of differentiation markers (cilia, goblet cells, tight junctions). With a 

stable baseline model, the number, differentiation state and viability of cells per well could be more 

confidently assumed, allowing for more accurate and repeatable infection using MOI.  

The design would be further improved by including controls for non-productive infection. CXCL10 

qPCR demonstrated that low levels of upregulation occur in uninfected cells as well as infected. 

While the difference should be considerable with productive infection as seen with the preliminary 

PBEC work, it would be beneficial to control for non-specific activation of the cells. Non- productive 

infection may also result in elevated CXCL10. To control for this, UV-inactivated RSV should be 

included with future efforts to develop the BCi cell line as an RSV infection model. 

Despite its limitations, the comparative transcriptomics analysis did produce a large data set with 

numerous avenues for further investigation. While this project focused on T cell related functions, 

with more time, contrasting the differences in metabolic pathway modulation and ECM degradation 

for example could identify key drivers of lung damage and differences in the dynamics of disease 

resolution during infection. The differences between H1N1 and H3N2 would be further explored as a 

priority, Finally, comparing the wider gene expression profiles seen here with data sets generated 

from human challenge studies could add additional validity to the findings. 

 

 

  



111 
 

Appendix 

A1.  R CODE: Agilent Microarray Data Import and Targets File creation 

 

 



A2. R CODE: LIMMA Normalisation and QC Plots GSE47961 
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A3. R CODE: Agilent Microarray Differential Expression Analysis 
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A4. R CODE: GSE47961 maSigPro analysis 

 

 

 



 

A5. R CODE: ClusterProfiler ORA 
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	Abstract
	The majority of acute respiratory tract infections are caused by viruses, with Influenza A viruses (IAV), Respiratory Syncytial virus (RSV) and Coronaviruses (CoV) three important causes of disease. The symptoms of infection can be very similar despite different aetiology and mechanisms of infection. Each virus can also result in a wide range of patient outcomes from asymptomatic infections to life threatening lower respiratory infections such as pneumonia. The ongoing COVID-19 pandemic is an important example of the considerable variation in patient outcome that can occur in response to a single viral agent, SARS-CoV2. Differences in how the host immune system responds to infection can contribute to this variation with the most severe cases frequently associated with excessive cytokine production and T cell dysregulation. 
	Given that T cells are a key factor in both viral clearance and immune mediated tissue damage, it is important to understand how different respiratory viruses impact T cell driven immunity. Epithelial cells that line the airways are often the primary target of respiratory viruses. These cells are increasingly understood to play a direct role in antiviral immunity, regulating and directing aspects of both the innate and adaptive responses at the site of infection. Signals released from epithelial cells can influence all stages of the T cell life cycle; both indirectly by influencing Dendritic cell polarisation and directly through T cell co-receptor expression as well as cytokine and chemokine production.  
	The primary aim of this work was to use transcriptomics data to compare T cell modulatory signals produced by respiratory epithelial cells in response to infection with different viruses. Published microarray data from experiments using well differentiated primary bronchial epithelial cells as models of RSV, IAV and SARS-CoV1 infection were re-analysed using differential expression analysis and gene expression was compared across viruses with a focus on T cell recruitment, activation and inhibition. 
	In addition, this project worked to develop an Air liquid interface model of RSV infection using the BCI-NS1.1 cell line with a view to validating the transcriptomics analysis. The validity of the model was explored using RT-PCR to monitor RSV amplification over time as well as CXCL10 expression as a marker of antiviral gene expression. 
	Considerable differences were observed in the transcriptomic responses between viruses. RSV and SARS-CoV1 upregulated far fewer genes than two strains of IAV. Focused exploration of T cell related genes identified differences in expression of chemokine genes as well as the cytokines IL6, IL1B and IL23a. The BCi-NS1.1 cell line showed promise as a candidate for an RSV ALI infection model, however consistent and reliable infection was not demonstrated despite more productive infection occurring in primary bronchial epithelial cells. While this suggests that differentiated BCi-NS1.1 cells are not permissive to infection, further work discussed in this report is needed to improve the model before this conclusion can be made.
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	1.4 Aims and Hypothesis

	Viral respiratory tract infections (vRTI) are among the most common and important causes of  disease worldwide, representing a significant contributor to infant mortality as well critical exacerbations of asthma or COPD  (1,2). The clinical manifestation of vRTI can vary considerably from mild upper respiratory disease such as the ‘common cold’, to life threatening pneumonia, bronchiolitis and acute respiratory distress syndrome (ARDS) with severe lower airway involvement (3). Influenza viruses, particularly Influenza A virus (IAV), and Respiratory Syncytial Virus (RSV) are two of the most import causes of vRTI with IAV alone thought to be responsible for 3 to 5 million severe illnesses and approximately 290,000 to 650,000 deaths each year (4). Similarly, RSV is estimated to result in approximately 3.6 million hospitalisation due to lower respiratory tract infections (LRTI) and is the most important pathogen associated with LRTI in infants and young children (5–8). Due to the high prevalence of RSV, almost every child will have encountered RSV by the age of 2 with an estimated 2-3% of cases developing severe LRTI (8). Both RSV and IAV circulate simultaneously and in temperate climates produce seasonal peaks of disease which place considerable strain on healthcare systems (9). 
	The ongoing Coronavirus Disease 2019 (COVID-19) pandemic, caused by Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), highlights a further threat posed by novel strains of respiratory viruses. Since it emerged in China in late 2019, SARS-CoV2 has spread around the world resulting in over 765 million confirmed cases and over 6.9 million deaths, as of 7 May 2023 (10). SARS-CoV2 is the third coronavirus (CoV) to cause serious disease in the past century following from Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-1) in 2003 and Middle East Respiratory Syndrome Coronavirus (MERS-CoV), present since 2012. SARS resulted in 8422 cases and 91 fatalities before it was contained while MERS there were 2502 laboratory-confirmed cases and 861 associated deaths, primarily in Saudi Arabia (11,12). A key factor in these differences is the enhanced transmission efficiency of SARS-CoV2. Importantly, while each pandemic coronavirus (CoV) strain causes LRTI, SARS-CoV2 also replicates in the upper airways. This considerably impacts efforts to contain the virus as transmission can occur before the onset of symptoms or in asymptomatic patients (13,14).
	Endemic strains of CoV make up a large proportion of seasonal cold viruses and produce mild or subclinical symptoms in the majority of individuals. In contrast to endemic viruses which co-evolved with the human population, pandemic viruses evolve from animal viruses (zoonotic) to which the human population bears no pre-existing immunity (15). Novel Influenza viruses have been the cause of 14 pandemics in the previous 500 years, most recently, the 2009 H1N1 (“swine Flu”) pandemic caused an estimated 151,700 - 575,400 casualties globally (16). This virus is an evolutionary descendent of early swine influenza viruses and the 1918 H1N1 “Spanish flu” virus which killed up to 50 million people, the most lethal pandemic in recorded history. Subsequent outbreaks of a new H2N2 subtype in 1957 and H3N2 in 1968 resulted in more than 1 million and around 1 – 4 million deaths around the world respectively (17,18). Variants of H1N1 and H3N2 continue to circulate as endemic influenza viruses causing regular outbreaks as part of the seasonal pool of respiratory viruses (19). SARS-CoV2 variants are expected to transition to long-term persistence in communities possibly with the seasonal periodicity seen for influenza viruses (20).  
	Treatment for vRTI is primarily supportive and symptomatic (21,22). Uncomplicated infections often resolve within 1-2 weeks with over the counter (OTC) analgesics and decongestants used to ease symptoms as needed. The few antiviral drugs available are generally restricted for use in the most high-risk patients. An inhaled version of the antiviral drug Ribavirin is approved for treatment of severe RSV bronchiolitis in infants however multiple trials were not able to demonstrate clinically relevant benefits (22). Prophylactic administration of Palivizumab, the monoclonal anti-RSV-F protein, confers some protection against severe disease, however the cost limits its use to children at the highest risk i.e.preterm babies or infants with congenital heart disease. 
	No specific RSV vaccines are currently in use and previous efforts have been unsuccessful, in some studies vaccination produced worse outcomes on reinfection. Although global efforts produced several vaccines against SARS-CoV2, the emergence of new variants reduced the efficacy of vaccine induced immunity to SARS-CoV2, necessitating repeat vaccination. Similarly, while influenza vaccines show some efficacy at reducing the severity of disease in at risk populations, vaccination strategies need to be revised each year in response to the high variability of circulating strains of IAV. 
	 The wide variation in clinical manifestation and patient outcome is driven largely by the host immune response to infection (23–25). While an effective immune response is necessary for viral clearance and recovery, uncontrolled inflammation and immunopathology can be fatal. Significant inflammation resulting from excessive production of cytokines and chemokines (“Cytokine Storm”) as well as disruption of T cell immunity frequently accompanies severe decline in respiratory viral infections (26). This presents a major challenge for antiviral drug and vaccine development and is a vital area of ongoing research. 
	The structural characteristics of respiratory viruses inform aspects of their virulence including transmission rate and their ability to evade immune responses. Importantly, differences in antigenic receptor expression determine the host range of a virus while virion shape and genetic composition influence how well a virus can survive outside of a host or produce new variants.
	RNA viruses, including IAV, RSV and CoV, are prone to mutations due to the error prone nature of RNA viral replication. This is seen in the high variability of IAV antigenic receptor expression which drive in the need to develop new influenza vaccines annually (15). Similarly, variations in SARS-CoV2 receptors have also led to the emergence of variants with a greater rate of infectivity and spread (27).  The following section describes important structural and functional characteristic of RSV, IAV and SARS-CoV2 which contribute to virus and strain specific differences in infection.  
	RSV is an enveloped virus of the Pneumoviridae family which is classified into two subgroups, RSV-A and RSV-B.  These antigenic subtypes circulate simultaneously to lesser or greater extents in different populations with RSV-A occasionally found to cause marginally more severe disease (28–30). The RSV virion contains a non-segmented, negative sense single strand RNA (− ssRNA) genome which is tightly associated with nucleoprotein (N) molecules to form the viral ribo-nucleoprotein complex (vRNP). Additional proteins required for polymerase function, phosphoprotein polymerase co-factor (P) and large polymerase subunit (L), are packaged alongside the RNA in the helical structured vRNP or nucleocapsid. A layer of matrix proteins (M) supports the outer envelope surrounding the nucleocapsid and give the virion its shape with both spherical and filamentous forms known to exist. Numerous copies of three main transmembrane glycoproteins, the attachment glycoprotein (G), fusion protein (F) and small hydrophobic protein (SH), project from the viral envelope. In addition to these structural proteins, the RSV genome encodes two non-structural proteins (NS-1, NS-2) involved in viral virulence and two regulatory proteins (M2-1 and M2-2) which are associated with transcription and replication (31–33).
	The RSV-G protein defines the antigenic subtype of RSV and facilitates attachment to host cells via several proposed receptors. The specific attachment site may be cell type dependent, for example, binding of heparan sulphate proteoglycans (HSPGs) has been reported in immortalised cell lines but the CX3 chemokine receptor 1 (CX3CR1) may be of greater importance in primary human airway epithelial cells as well as in vivo ciliated epithelium, the preferential target of RSV (34). 
	After RSV is localised to the target cell, the F protein mediates fusion with the viral and host cell membranes.  Fusion is catalysed by binding to host cell receptors such as nucleolin (35), this induces a conformational change in the F protein which both fuses the virion and host cell and forms the fusion pore. In addition to the plasma membrane, RSV fusion may also occur at the endosomal membrane following micropinocytosis (non-selective uptake into endocytic vesicles) (36).
	Once the viral RNA is released into the cell, viral proteins associated with the nucleocapsid (N, P and L) initiate transcription and the resulting mRNAs are translated into viral proteins by the host machinery. Replication of viral genomes and assembly with viral proteins occurs in the cytoplasm of infected cells (31).  New virions bud at or near the plasma membrane and infected cells subsequently express the G and F protein on their surface facilitating fusion and infection of neighbouring cells. This gives rise to the characteristic aggregates of infected cells (syncytia) seen during in vitro infection.  
	Influenza viruses belong to the Orthomyoxoviridae family and are classified into four main types (A-D) with influenza type A viruses (IAV) most likely to cause disease and pandemic outbreaks. IAV are categorised into strains based on the arrangement of hemagglutinin (HA) and neuraminidase (NA) proteins expressed on the host derived lipid envelope surrounding the complete virion (37). There are currently 18 HA and 11 NA variants known to exist in nature, most of which are found in avian and bat IAV reservoirs (37). The H1N1 and H3N2 IAV subtypes currently cause most epidemic disease in humans. 
	In contrast to RSV and other RNA viruses, the IAV genome is comprised of eight distinct segments of negative sense ssRNA.  The segments are coated with viral nucleoproteins (NP) and combined with viral RNA-dependent RNA polymerase (RdRp) subunits (PA, PB1, PB2) into vRNP complexes (38). Whole sections of the IAV genome can mix and recombine with segments from other IAV viruses during co-infection. If this occurs with HA or NA encoding segments, antigenic shift can occur resulting in a new virus with un-familiar antigenic properties. This is thought to have contributed to the emergence of the 1918 H1N1 and 1968 H3N2 pandemics which originated from re-arrangements which exchanged avian HA segments with mammalian IAV (15).  
	Viral entry is facilitated by HA proteins which bind terminal sialic acid (SA) residues on cell surface glycoproteins and glycolipids. Affinity of HA for SA residues contributes to cell tropism and inter-species transmission. For example, human seasonal IAV generally bind SAα-2,6-Gal type receptors found in the upper airways, however, the avian IAV receptor type SAα-2,3-Gal has been found in the lower airways of humans, raising the possibility of zoonotic infection (39). Internalisation may require activation of additional subtype dependent internalization receptors, such as nucleolin or EGFR to trigger endocytosis. The low pH inside the endosome induces a conformational change in HA which leads to fusion of the viral and endosomal membranes. Further low pH driven changes in the matrix (M) protein, which like RSV surround the vRNP beneath the viral envelope, contributes to un-coating of the virus and release of vRNPs. Transcription and replication takes place in the nucleus which is facilitated by nuclear localisation signals (NLS) expressed on NP proteins (40,41). Release of nascent virions is aided by NA glycoproteins which cleave SA moieties on the cell surface which might otherwise bind with HA. This also facilitates the dispersion of the new virion and is a key factor in the enhanced cell to cell spread when compared to RSV.
	SARS-CoV2 has been classified as a Beta-Coronavirus (BetaCoV) from the Coronavirinae subfamily of Coronaviridae. This classification also contains MERS-CoV and SARS-CoV as well as the less pathogenic human CoV strains HCoV-OC43 and HCoV-HKU1 (42). Based on sequence similarity, SARS-CoV2 was grouped into the Sarbecovirus sub-genera of BetaCoV alongside SARS-CoV1.
	All coronaviruses contain a relatively large positive sense single strand RNA (+ssRNA) genome which, like RSV, is packaged into a helical shape with multiple nucleocapsid (N) proteins. The genome encodes four major structural proteins; the spike (S) protein, membrane (M) protein, N protein and envelope (E) protein, which are expressed to varying degrees in complete CoV virions (43)(44).  The M protein is most abundant and is embedded in the outer lipid membrane where it gives the virion its shape and structure. Less if known about the E protein which is found in lower numbers and may enhance infectivity by forming pores in host cell membranes (43)(44).  
	The large S glycoprotein projects from the spherical CoV envelope in groups of three forming the crown or “corona” like appearance which gives CoV their name. This protein mediates binding and entry to host cells and may be an important factor in determining the virulence of different coronaviruses. Both SARS-CoV1 and SARS-CoV2 enter cells via the receptor angiotensin-converting enzyme 2 (ACE2), which is expressed on airway epithelial cells from the upper and lower airways as well as cells from the heart, kidneys and reproductive tracts (45). Variations in the S protein has resulted in SARS-CoV2 having 10-20 fold greater affinity for ACE2 than SARS-CoV1 (46). Mutations in the S protein have also been key factors in the emergence of recent variants of concern which show enhanced affinity for ACE2 receptors as well as reduced neutralisation ability of targeted antibody responses (27). Differences in ACE2 expression levels in the respiratory tract mirror the SARS-CoV-2 infection gradient, with highest expression in nasal ciliated cells, the primary targets for early SARS-CoV-2 replication.
	In SARS-CoV2, the S protein is cleaved into functional S1 and S2 domains during maturation of the virion in infected cells. These domains remain as non-covalently associated subunits of the S protein; S1 binds ACE2 on host cells while S2 is anchored to the virus membrane and mediates membrane fusion (46). ACE2 engagement induces a conformation change which exposes S2 to additional cleavage by host proteases. The transmembrane protease serine 2 (TMPRSS2) is thought to be important for this stage during entry at the host cell membrane. SARS-CoV2 may also enter cells via the endocytic pathway with S2 activation mediated by host cathepsins. 
	Cleavage of S2 releases a fusion peptide which initiates formation of a fusion pore allowing entry of the viral genome. Replication and translation of viral RNA then occurs in the cytoplasm with involvement of many of the 16 non-structural proteins (nsp1 – nsp16) encoded by the SARS-CoV2 genome. New virions are assembled in the cytoplasm and are secreted from the infected cell by exocytosis, in addition, new virions may pass directly to other cells through membrane fusion. 
	Respiratory viruses are primarily transmitted in respiratory secretions with contact occurring through direct contact with individuals, indirect contact with contaminated surfaces or through inhalation of respiratory droplets or aerosols. The rate of symptom onset and disease severity will depend on host risk factors such as age, obesity, or immunosuppression as well as prior immune memory. 
	In symptomatic influenza infections, patients experience a sudden onset of high fever, cough, headache and malaise which often persist for 7 to 10 days, this can be followed by fatigue and weakness which may linger for weeks (47). Pathology can be seen in the lung soon after symptom onset, for instance, in uncomplicated influenza, superficial inflammatory lesions are present in  tracheal and bronchial biopsies as early as 1-6 days after the emergence of symptoms (48).
	This symptom profile aligns with findings from experimental human IAV infection in which mean viral load and symptom severity peak on day 2 and 3 following inoculation respectively.  In the same study, RSV replication was more delayed, with an average 4.6-day incubation period until first detection in respiratory secretions (49). Peak viral load occurred on day 5.4 with symptom severity increasing with viral load and like IAV, reaching peak scores 24h later.
	In clinical infant infections, RSV can manifest 4-6 days after exposure with nasal congestion and a mild fever, followed by a cough and wheezing in cases of bronchiolitis. The histopathology of autopsy samples from infants who died from bronchiolitis show an otherwise normal appearance in most RSV positive cells with damage most often concentrated around the bronchi and bronchioles (50). This differs to severe infections with IAV in which increasing epithelial cell damage occurs due to both viral cytolysis and inflammatory cell infiltration (48).
	Lower airway involvement in COVID-19 presents with a characteristic bilateral pneumonia with damage to the alveolar epithelium and degradation of the extracellular matrix (ECM) that maintains the structure of the lung (51). Involvement of significant portions of the airways affects lung function and may result in ARDS, in these cases the patient often requires mechanical ventilation. While most patients develop mild symptoms including a cough, low grade fever and occasionally loss of taste or smell, which resolve easily, over 15% of patients develop severe disease with mortality as high as 61.5% in critical cases (52). 
	An accumulation of immune cells in the airways is a common feature in autopsy studies of fatal SARS CoV-2 infection (51). Similarly, in RSV bronchiolitis, occlusion of the bronchiolar and alveolar lumen may be exacerbated by immune cell infiltration (50,53). It is hypothesised that the relatively mild tissue dame seen in RSV, in contrast to the extensive cytopathology observed in other severe LRTI, could be driven by immune cells (54). However, the factors which drive this remain to be understood. 
	While controlled production of inflammatory mediators helps to clear and infection, excessive or prolonged exposure can destroy tissues leading to ARDS and multi-organ failure.  Pro-inflammatory cytokine production is initiated by infected airway epithelial cells to control the infection and recruit immune cells to the site. Cytokine levels increase further as infiltrating immune cells are activated and without resolution of infection, their continued production results in cytokine storm and deterioration of the patient.
	The morphologically distinct cells that make up the respiratory epithelium are the primary entry point for respiratory viruses and are a central component of the immune response in the lung (55). The upper airways (nasal cavity and pharynx) and conducting portion of the lower airways (trachea, bronchi and bronchioles) are comprised mainly of pseudostratified ciliated epithelial cells and mucus secreting goblet cells above a layer of replicative basal cells lining the basement membrane (56). Tight cell-cell junctions in the epithelial layer form an initial mechanical barrier to infection, blocking access to many viral entry receptors. Mucins produced by goblet cells contribute to a mucus layer which coats the airway lumen and traps pathogens and debris. Co-ordinated cilia movements direct this mucus layer towards the upper airways where it can be removed, protecting the lower airways from infection. Impairment of muco-ciliary clearance due to loss of cilia is an important factor in airway disease such as COPD or in smokers, increasing susceptibility to LRTI in these patients (57). Airway epithelial cells also release numerous enzymes and antimicrobial molecules such as nitric oxide, B-defensins and surfactant proteins which bind numerous viruses, including IAV, RSV and possibly SARS-CoV2, enhancing their clearance from mucosal points of entry (58).  
	In the smaller diameter bronchioles, the epithelial layer takes on a simple cuboidal structure and contains fewer basal cells and goblet cells than the more proximal airways (56). The terminal bronchioles become dominated by non-ciliated Club cells which have basal cell like replicative properties and a secretory function, producing antimicrobial substances including surfactants and uteroglobin (aka clara cell secretory protein). The alveolar compartment is lined with large membranous pneumocytes, known as Type I alveolar epithelial cells (AEC I) and granular pneumocytes known as Type II alveolar epithelial cells (AEC-II) (59). AEC-I are flattened wide squamous cells which cover approximately 90-95% of the alveolar surface area. Their thin cytoplasm enables gas exchange with microvascular endothelial cells that surround the alveoli. AEC-II are smaller cuboidal cells which make up around 7% of the alveolar surface. They are responsible for regeneration of damaged AEC-I and contribute to alveolar defences and ion transport. AEC-II also produce surfactants which are essential for lowering surface tension in the alveoli and can be antimicrobial (60). In addition to ciliated cells in the larger airways, AEC I and AEC II cells are primary targets for respiratory viruses (50,61).
	As the portal for entry during respiratory viral infections, airway epithelial cells have a central role in initiating the immune response when viruses breach intrinsic defences. Epithelial cells express pathogen recognition receptors (PRR) including Toll like receptors (TLRs) and retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs) which initiate antiviral signalling cascades in response to activation by foreign antigens known as pathogen associated molecular patterns (PAMPS) (62). PRRs respond to both extracellular and intracellular PAMPS based on their cellular location. For example, TLR2 and TLR4 are expressed on cell membranes and are activated by viral glycoproteins such as IAV-HA (63,64). TLR3 responds to dsRNA formed as an intermediary of viral replication and is located both within endosomal membranes and on the cell surface while RLRs including RIG-1 and MDA5, are activated by ssRNA in the cytosol (65,66). Activation of these receptors initiates signalling pathways that converge on the activation and translocation of interferon regulatory factors (IRF), importantly IRF3 and IRF7, and nuclear factor κβ (NF-κβ), which ultimately results in transcription of pro-inflammatory cytokines and generation of an antiviral state at the site of infection (67). 
	Production of both Type I (IFNα and IFNβ) and type-III interferon (IFN-λ) is a central consequence of PRR sensing in response to viral infection. Both classes result in activation of similar antiviral pathways with differences primarily in receptor expression and abundance (68). Almost all nucleated cells secrete IFNα/β and the type I IFN receptors (IFNAR1 and IFNAR2) are ubiquitously expressed.  Type III IFN responses are more restricted to mucosal surfaces prone to pathogen exposure and IFN-λ  as well as the type III IFN receptors (IFNLR1 and IL-10Rβ) are preferentially expressed by epithelial cells on mucosal surfaces (62). Activation of either IFN receptor triggers signal transducer and activator of transcription 1 (STAT1) and STAT2 signalling cascades which lead to rapid transcription of hundreds of interferon-stimulated genes (ISGs) with broad antiviral functionality (69). 
	Cellular expression of the IFN-induced transmembrane protein (IFITM) family member IFITM3 for example, has been shown to impair early RSV entry and replication (70). Additional cytokines as well as chemokines which regulate the inflammatory response and immune cell recruitment, are simultaneously upregulated and released by epithelial cells alongside IFNs in response to PRR engagement and IFNR activation. This can occur rapidly, for example NF-κβ and IRF-3 activation induces expression of IFN-β, interferon inducible protein-10 (IP-10)/CXCL10, regulated and normal T-cell expressed and secreted (RANTES)/CCL5, and ISG-15 early into RSV infection (71). Similarly, there is rapid upregulation of IL-6, TNF-α, IL-8/CXCL8, CXCL10, CCL2, and CCL5 in response to infection with IAV (72). Acting locally, these cytokines/chemokines facilitate antiviral responses and recruit immune cells to the site of infection. 
	Differences in these markers often correlates with disease severity, In RSV infection, infants with severe bronchiolitis had lower nasal viral load and reduced CXCL10, CCL5 and IFN-y levels compared to mild or moderate infection (73). Conversely, another study reported highest viral load and increased IL-6 levels in hospitalized older adults with RSV disease when compared to outpatients, further highlighting the importance of the inflammatory response to the varied outcome seen in different populations (7). 
	A key consequence of cytokine and chemokine signalling during infection is recruitment and activation of T cells; specialised lymphocytes with varied roles in antiviral immunity (74). Defects in T cell immunity due to aging, immune suppression, or cancer are associated with more severe infections and poorer outcomes (75). In contrast to the immediate IFN driven innate response, adaptive T cell responses take days to weeks to be established and are targeted to an invading pathogen due to diverse antigen-specific T cell receptor (TCR) expression.
	 Broadly classified into CD8+ and CD4+ subtypes, T cells undertake a range of effector functions including clearance of infected cells, regulation of the inflammatory response and long term immune memory (74). CD8+ cytotoxic T lymphocytes (CTL) are the main drivers of viral clearance in the adaptive response. They produce antiviral cytokines including TNF-α and IFN-γ as well as cytotoxic granules which perforate cell membranes and induce apoptosis of infected cells. This targeted response is initiated following interaction between the TCR and target antigen (Ag) displayed on major histocompatibility complex molecules (MHC-I), expressed at the surface of nucleated host cells (76). High diversity in the binding domains of MHC-I molecules allows for presentation of a large repertoire of peptides to CD8+ T cells. Endogenous proteins are processed to MHC-I using the direct presentation pathway. During infection, MHC-I expression is upregulated from baseline low levels in the lung epithelium and protein fragments derived from viral replication are processed for presentation to CD8+ T cells alongside other cytosolic peptides. 
	Viral Ag can also be bound to MHC-I from exogenous proteins using the cross-presentation pathway (CP) (76). By this pathway, external Ag such as phagocytosed virus or infected cell fragments, can be acquired by professional Ag presenting cells (APC), such as Dendritic cells (DC), at the site of infection. This is important for the initial priming and expansion of Ag specific naïve T cells in the peripheral lymph nodes. 
	Cross presentation of external proteins to T cells is primarily associated with class 2 MHC molecules (MHC-II) expressed by APC. MHC-II are recognised by a highly diverse range of CD4+ T cells which play a major role in supporting CTL effector functions in addition to orchestrating other aspects of adaptive immunity (74). APC mediated differentiation and expansion of naïve CD4+ T cells occurs in the lymph nodes following TCR recognition of cognate Ag in complex with MHC-II. Based on costimulatory signals and cytokine profiles during activation, several distinct CD4+ T helper (Th) cell lineages are produced with varied roles in antiviral immunity (77). 
	Perhaps most relevant to viral infection, activated Th1 type CD4+ T cells are characterised by production of IFN-y, TNF-α, and IL-2 which support the initial expansion of CTL as well as their effector activity. Meanwhile, Th2 cells produce cytokines such as IL-4 and IL-5 which downregulate Th1 functions and support activation of B cells, mast cells and basophils in favour of a humoral or anti-parasitic response. Similarly opposing roles have been prosed for the Th17 and Treg lineages (78).  Th17 cells, characterised by IL-17 expression, may upregulate proinflammatory cytokine production and CTL activity. In contrast, Treg cells produce IL-10 and TGF-B and may suppress the effector functions of cytotoxic cells to limit immunopathology and viral induced lung damage. 
	A fraction of effector CD4+ and CD8+ T cells persist in the lung as antigen specific memory cells after disease resolution (79). These cells can remain in the lung long term and are capable of rapidly responding to repeat infection without reliance on additional co-stimulatory signals. High numbers of pre-existing antigen specific CD8+ T cells were found to correlate with less severe illness after infection with pandemic H1N1 (80). Similarly, in experimental human IAV infection, individuals with pre-existing CD4+ T cells specific for internal viral proteins, developed less severe symptoms, in the absence of humoral immunity (81). Memory Treg populations have been shown to rapidly respond to secondary infection and provide balance between viral clearance and immunopathology, suppressing CD4 and CD8+ T cell trafficking, activation and cytokine production (82). The ability to mount a response against conserved internal proteins means that T cell immunity can provide protection against multiple viral subtypes. For example, pre-existing SARS-CoV1 specific T cells have shown cross reactivity to SARS-CoV2 antigens (83). These memory T cell responses may also last longer than antibody driven immunity as has been seen in COVID-19 patients (84).
	Finally, primed T cells can interact with each other and may attract other antigen specific clones during viral infection (85).This occurs through direct MHC-II interaction as well as cytokine secretion and can facilitate coordination of the wider immune response. Crucially, while not discussed here, CD4+ cells initiate the humoral response by activating B cells. 
	Activated CD8+ T cells appear in tracheal aspirates from patients with mild RSV, IAV and human CoV infections within the first 10 days of symptom onset (86). This rise in CTL numbers is associated with viral clearance, yet deficiencies in CD4 and cytotoxic CD8 T cells have even been associated with fatal influenza virus and RSV infections in infants (87).
	RSV specific CTL numbers peak in the second week of symptom onset and gradually decline to absence by the eighth week. A murine RSV study has shown that CD8+ T cell recruitment to the lung may be co-ordinated by Tregs which may then reduce disease severity by limiting the strength of antigen specific CD8+ T cell responses and their production of TNF-α (72). Other studies have identified correlation between disease severity and expression of distinct populations of T cells. Patients with severe disease have shown Increased levels of CD8+ T cells expressing IL4+ as well as reduced proportions of CD8+ T cells expressing IFNγ (88). In this study, nasal aspirates from patients with severe RSV disease also had reduced concentrations of IL-17. Patients with greater frequencies of both CD8+ and CD4+ T cells expressing IL17 had shorter durations of hospitalization. Disruptions in TH1/ Th2 responses has been particularly implicated in severe RSV infections including previous poor response to vaccinations (89).  There is also correlation between disease severity and a decline in peripheral T lymphocytes as well as the ratio of T cell subtypes with lower levels of regulatory T cells seen in more severe cases of COVID-19 (26). There is a trend towards decreasing Treg levels in the peripheral blood of COVID-19 patients (90). In addition, T cells from COVID-19 patients have shown in vitro production of TNF, IFN-γ, IL-2 and IL-17 as well as skewing toward the Th17 phenotype (91).  
	Impaired CTL responses, in which virus specific CD8+ T cells fail to perform cytotoxic functions at the site of infection, have also been associated with disease progression and severity during IAV and SARS-CoV2 infection (92). In COVID-19, a weak and relatively delayed (> 15 days post symptom onset) induction of SARS-CoV2 specific T cells was seen only in patients with severe infections. In contrast, early detection was associated with accelerated viral clearance and a milder disease course.
	T cell functionality needs to be controlled to minimise immunopathology while maximising viral clearance. This occurs though complex cytokine/chemokine driven cross talk between cells of the innate and adaptive immune response and the surrounding tissue. As early initiators of antiviral immunity, epithelial cells play a key role in mediating this communication and influencing a developing T cell response from activation to final memory cell formation. The importance of the epithelium-immune cell interaction in disease severity was recently demonstrated in a single cell sequencing analysis of bronchial samples from COVID-19 patients (93). In this study, chemokine and chemokine receptor expression were elevated in critical cases compared to moderate cases and ligand-receptor mapping demonstrated strong interactions between epithelial cells and immune cells, including CTLs, CD4+T/Treg. 
	The polarity of a developing T cell response depends to a large extent on the activation state of outgoing DCs and the resulting cytokine and co-stimulatory signals given to naïve T cells during their activation in the lung draining lymph nodes (94).  While TLR signalling and antigen type are important factors, epithelial derived cytokines also influence DC activation state and subsequent T cell expansion. Epithelial derived thymic stromal lymphopoietin (TSLP) has been shown to skew DCs so that they induce expansion of Th2 cells (95). Type I IFNs released from infected epithelial cells are likely to drive responses toward Th1 development, while Type III IFNs may skew responses toward a Treg driven state (96). The epithelial derived cytokines/chemokines CCL20 and Granulocyte-monocyte colony stimulating factor (GM-CSF) also support T cell activation by inducing DC mobilisation into the lung from the circulation and contributing to DC differentiation from monocytes respectively (97,98). 
	While DC mediated T cell activation in the lymph nodes is well established, there is also evidence to suggest T cell activation may occur directly in the lung.  Mice lacking peripheral lymph nodes have been shown to generate antigen specific CD8+ T cell responses and clear low dose influenza infection (99). Similarly, CCR7−/− mice with impaired DC tracking from the lungs to the lymph nodes, were able to activate Mycobacterium tuberculosis specific CD4+ T cell proliferation in the lung following infection (100). Airway epithelial cell derived cytokines and chemokines may therefore also play a more direct role in DC and T cell activation. 
	Chemokines make up a significant proportion of the inflammatory mediators released by airway epithelial cells in responses to viral infection (71). These proteins are divided into four distinct groups, C, CC, CXC, and CX3C (based on NH2-terminal cysteine residue number and spacing) that bind chemokine receptors expressed by distinct leukocyte subsets, inducing their migration to the site of infection. CXCR3 is rapidly induced on naïve cells following activation and remains highly expressed on Th1-type CD4+ T cells and effector CD8+ T cells (101). Airway epithelial cells enhance recruitment of these effector T cells to the lung through production of CXCR3 ligands, CXCL10, CXCL11 and CXCL9. Th2 type CD4+ T cells express CCR4 and CCR8 receptors that respond to the CCR4 ligand CCL22 and CCR8 ligand CCL1, both produced by airway epithelial cells in addition to the Th2 recruiting cytokine IL-1β (71,101). The expression of these chemokines is upregulated by cytokines released from recruited T cells in a feedback loop which amplifies the T cell polarity in the lung.  
	The pulmonary epithelium can also impact the overall inflammatory state in the lung by enhancing recruitment of other immune cells which promote different T cell lineages (102). Neutrophil infiltration for example increases Th1 and Th17 responses and eosinophil recruitment enhances Th2 responses. Epithelial cells are also a source of the IL-1 family member IL-33 which is a ligand for ST2, a receptor that strongly induces Th2 cytokine production (96).
	Additionally, airway epithelial cells directly interact with T cells though expression of membrane-bound and soluble molecules. During active viral infection, epithelial cells will upregulate MHC-I expression to heighten antigen presentation to CTL. They also stimulate the secretion of transforming growth factor beta (TGF-β), which leads to the activation of regulatory T cells. In contrast, the inhibitory molecule PD-L1 (CD274) mediates T-cell apoptosis and functional exhaustion when engaged by its receptor PD-1 expressed by T cells. Persistence of PD-1+ CD8+ “exhausted” T cells with impaired cytotoxic functionality in the lung has been associated with disease progression and mortality in both COVID-19 and IAV (103)(92). These cells function normally at other sites such as the spleen and LDLN suggesting that T cell exhaustion is driven by factors within the lung. Inhibition of PDL-1 in a co-culture model of CD8+ T cells and bronchial epithelial cells infected with RSV, resulted in increased T cell effector functions, including IFN-γ, IL-2, and granzyme B expression and decreased viral load in the epithelial cells (104). PD-1/PD-L1 signalling may also promote formation of Trm cells and may be important for maintaining homeostasis in the healthy lung by inhibiting T cell function and cytokine secretion. 
	T cell regulatory signals expressed by infected epithelial cells contribute to the nature and extent of the inflammatory response to viral infection. Given the importance of these responses to both viral clearance and immunopathology, understanding the complex communication between the host epithelium and T cells and how they differ between viruses, is fundamental to identifying mechanisms of pathogenicity and potential therapeutic targets.
	This project aimed to explore how three important respiratory viruses, (IAV, RSV and SARS-CoV1) influence bronchial epithelial cell expression of T cell regulatory genes using publicly available transcriptomics data. Comparing the transcriptomic responses of three RNA viruses, each with similar presentation and a varied patient outcome, will help to identify any differences in activated and suppressed T cell associated genes or pathways. 
	A secondary aim was to establish a reliable model of RSV infection using the newly created BCi-N1.1 cell line in Air-Liquid interface culture. Using a commercial cell line with ALI differentiation capabilities offers the possibility of increased consistency and better availability than primary bronchial epithelial cells (PBEC) obtained from patient samples. If successful, this model would be used to validate the PBEC-T cell gene signature generated from the transcriptomics analysis. 
	The primary hypothesis states that the expression of genes that impact T cell activation by virally infected bronchial epithelial cells will differ depending on the viral agent with which the cells are infected.
	The specific aims of the project were to:
	1. Perform differential expression analysis of virally infected bronchial epithelial cells in previously published transcriptomics datasets.
	2. Compare expression of T cell modulatory genes between datasets for different viruses
	3. Optimise an in vitro air-liquid interface (ALI) model of BCi-NS1.1 RSV infection
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	Publicly available microarray datasets were obtained from the Gene Expression Omnibus (GEO) repository. Datasets were found by entering the terms “RSV” OR “Influenza” OR “SARS” AND “epithelial” into the GEO datasets advanced search builder. The results were filtered by species (Homo sapiens) and then manually searched to identify experiments that met the following criteria:
	1. Primary human airway epithelial cells were used in an ALI culture model 
	2. Uninfected or mock infected samples were included
	3. Each treatment group contained at least 3 replicate samples 
	The datasets chosen for this work are summarised in Table 1. Where additional treatment conditions are included in the full dataset but not used for this project, the chosen variables are highlighted bold. Citations refer to published research articles using the GEO data. Data sets can be accessed from the NCBI GEO database. 
	Table 1. Details of Microarray data sets used in this project
	/
	Data set re-analysis was performed using RStudio (v 4.1.0) with the R programming language (107). Experiment metadata was obtained from the NCBI GEO database and imported into RStudio using the GetGEO function from the R package GEOquerry (108). This function also imports normalised expression data provided by the authors, however, to maintain consistency between datasets, raw data files were downloaded manually from supplementary files provided on the NCBI GEO website. As both data sets were generated using the same microarray platform, they were imported and pre-processed using the same overall pipeline of functions from the Linear Models for Microarray data (limma) package (109) (R script: Appendix A1 and A2). Unless otherwise stated, all functions described here are part of the limma package. Raw array intensity files were imported to RStudio using the read.maimages function with source specified as “Agilent” and single colour array indicated with green only = TRUE.  Control probes and background intensities were included with the raw data, allowing for normalisation using the neqc function. By this method, the background probe intensities are first subtracted from foreground intensities and then the negative control probes are used for normal + exponential (normexp) background correction. An offset is added to the background-corrected data followed by quantile normalisation using both positive and negative control probes. The normalised intensity values are then log2 transformed and the control probes removed. After neqc normalisation, intensities from replicate spots were averaged and boxplots were generated to confirm successful normalisation.  
	The data were further explored using multidimensional scaling (MDS) to graphically represent the relationship between the arrays. The plotMDS function applies a variation of traditional MDS or principal components analysis particularly appropriate for microarray data. A Euclidian (root-mean-square deviation) distance measure is computed for each pair of samples in the data set, using the genes which most distinguish those samples. The default function uses different genes for each pairwise comparison, ensuring that distances between samples on the resulting scatterplot approximate the leading log2-fold change between samples. Samples were coloured by group membership (infected/uninfected) or time point as required. Hierarchical clustering using wards linkage was also used to generate dendrogram’s from the normalised data. Finally, probe annotations provided by the authors were updated using the clusterProfiler package (110) with the hgug4112a.db database and unlabelled probes were removed prior to differential expression (DE) analysis.
	DE analysis was performed for all data sets to compare expression between infected and mock-infected samples (R Script: Appendix A3). A standard limma model fit was applied with experimental variables defined in a design matrix. The chosen comparisons were then applied to the model as a contrasts matrix and the empirical Bayes (eBayes) procedure was used to determine test statistics including log2 fold change (log2FC) between stated comparisons, P values and false discovery rate (FDR) adjusted P values computed to control for multiple hypothesis testing. Limma uses the Benjamini and Hochberg's (BH) method to control for the FDR. In practice, this means that for a threshold FDR value of 0.05, the expected proportion of false discoveries should be less than 5%. For this analysis, genes were considered DE with FDR values below 0.05 and an effect size greater than log2FC 1 in either direction (log2FC >= 1 or <-1). The result of this analysis genome wide was visualised as volcano plots generated using the EnhancedVolcano package (111). DE gene counts were determined at the gene level by first averaging test statistics of genes with multiple probes using the aggregate function. The overlap in DE genes within each experimental group, were visualised using the VennDiagram package (112).
	 Normalised (neqc), gene level expression data from the GSE47961 H1N1 and SARS-CoV1 arrays were additionally analysed as independent time series using the maSigPro package (113). This package applies a two-step regression strategy to identify significant changes in gene expression over time and between experimental groups. First, a global regression model is applied to each gene with regression variables (eg H1N1vsMOCK) defined in a design matrix. Genes with significant changes are selected with a threshold FDR of 0.05. Stepwise regression is then applied to compare differences between experimental groups and identify significant differences in expression profiles over the course of infection. 
	Cluster analysis using the “hclust” (Hierarchical clustering) method with “ward.D” agglomeration was used to group significant genes with similar expression patterns based on the correlation “cor” distance metric. The average intensity values for genes in each cluster are presented as graphs showing results from both infected and control arrays at all time points. R script for this analysis is included in Appendix A4. 
	Significantly DE genes from the GSE32138 limma analysis as well as important maSigPro clusters and significantly DE genes from peak time points from the GSE47971 analysis were annotated using the clusterProfiler R package. The enrichGO function was used to perform over representation analysis (ORA) for gene ontology Biological process (GO:BP) terms. Lists of upregulated and downregulated genes were analysed separately and were ordered by log2FC. Significant, but not log2FC filtered, genes were used as background or “universe” gene sets (R Script: Appendix A5). 
	Heatmaps were generated for genes with shared functional annotation, from gene level normalised intensity values, using the coolmap function from limma. In all cases, rows (genes) were scaled as Z-Scores showing variation around the mean for a given gene. Both rows and columns (samples) were clustered using wards linkage for the GSE32138 data and columns were arranged by increasing time point for the GSE47961 data to allow easy visual comparison across the course of infection. 
	 GO:BP terms relating to T cell recruitment or activation which were identified for each ORA, were reduced based on biological relevance to airway epithelial cell and T cell communication. The effect of each virus on DE of these genes were compared within datasets as both heatmaps of expression data and log2FC results.  
	Vero E6 cells are a well-established immortalised cell line derived from African green monkey kidney cells. There is a long history of publications using this cell line for both propagation and quantification of RSV. They were used here during initial infections due to their known permissivity to infection.
	BCi-NS1.1 cells (114) (referred to as BCi throughout) are an immortalised human basal cell line derived from the large airways of a healthy non-smoker. They retain the characteristics of the original primary cells with multipotent differentiation capacity for over 40 passages. When grown under Air Liquid Interface (ALI) conditions, BCi cells form a pseudostratified layer comprised of ciliated columnar epithelium, mucus producing goblet cells and a basal cell layer.
	SABCi-NS1.1 (115) (referred to as SA-BCi throughout) are a similarly immortalized cell line derived from normal human small airway epithelium basal cells. Like BCi cells, these cells retain differentiation capacity and when cultured at the ALI and form layers of ciliated, club, and secretory cells.
	PBEC primary cultures of bronchial epithelial cells (PBEC) were isolated from human lung parenchymal samples obtained during cancer resection surgery. Patient samples were anonymised and harvested by pathology staff from the University of Southampton with Ethical approval granted by the Southampton and Southwest Hampshire Research Ethics Committee. Lung tissue samples were cut to 1mm pieces and cultured in collagen coated T75 flasks containing PneumaCult Ex plus media (comprised of PneumaCult Ex Plus Basal media, 1x PneumaCult Ex Plus supplement, 0.1% Hydrocortisone Stock Solution, 0.1% Gentamycin and 0.05% Amphotericin) to encourage PBEC outgrowth.  In addition to this, the TL1831 sample was enriched with PBEC by taking brushes of visible large bronchioles present in the lung tissue sample. These cells were not used beyond 2 passages. 
	Culture vessels were coated in a 1/50 dilution of collagen (PureCol) prepared in sterile water prior to propagation or maintenance of cells. The flasks/plates were placed in an incubator, 37°C, 5% Co2, for 30 minutes to allow the collagen solution to polymerise.  Excess collagen was then removed and the flasks/plates were allowed to air dry under a tissue culture hood before use.   
	The basic steps of cell culture were the same for each cell type with differences in culture media only. VERO cells were maintained in Dulbecco’s Modified Eagle media (DMEM) supplemented with 10% Foetal Calf Serum (FCS), 4mM L-Glutamine, 1% Penicillin/Streptomycin and 1% Sodium Pyruvate. BCi cells were maintained in PneumaCult Ex Complete culture media comprised of PneumaCult Ex basal media, 1x PneumaCult-Ex Supplement, 0.1% Hydrocortisone Stock Solution, 0.1% Gentamycin and 0.05% Amphotericin.  SA-BCi cells as well as PBEC isolated from lung tissue were maintained in the same PneumaCult Ex Plus Complete media used for initial PBEC isolation. 
	In all cases, culture media was fully changed every 2 days until 60-80% confluent at which point the cells were passaged using a Trypsin solution to detach cells and then either split for continuous culture or seeded to new culture vessels as required.
	Human airway epithelial cells from all three sources were differentiated using an Air liquid interface (ALI) culture method. Transwell membrane inserts (Corning) arranged in wells of a 24 well plate, were coated on the apical surface with a 1:10 dilution of collagen using the same method described in section 2.2.2. Prior to seeding, 800µl of PneumaCult Ex Plus culture media was added to the basolateral compartments and allowed to warm at 37°C, 5% CO2. Cells were seeded onto the apical compartments at a density of 1x105  - 2x105 cells per insert in 200 µl of PneumaCult Ex Plus culture media. The media was replaced every 2 days and changed to PneumaCult ALI media in both compartments at the third media change. After 2 more media changes, the cells were “airlifted” by removing media from the apical compartment. Subsequent media changes replaced only the basolateral media. Differentiation required approximately 3-4 weeks after transfer to ALI media.
	Beginning the second week after airlift, the apical compartments were gently washed in 200µl of HBSS to remove excess mucus. Differentiation was monitored both by visual observation of cilia movement by light microscopy and by using Trans Epithelial Electrical Resistance (TEER) to measure ionic permeability across the epithelial layer as an indicator of layer integrity. After initial experiments in which TEER was measured every 2 days post airlift, TEER was conducted once a week in conjunction with the weekly mucus washes. Briefly, 200µl of room temperature HBSS was added to the apical compartments of each insert and the pates were returned to the incubator for 10 minutes to allow equilibration and TEER was measured using a Millicell ERS-2 Voltohmmeter. TEER readings > 800 Ohms were considered suitable for further experimentation however in practice cells were not used below 1000 Ohms (330Ohms*cm2).
	The laboratory strain RSV-A2 was obtained from Virapur as pre-purified aliquots with an approximate concentration of 7x107 PFU/Ml. Stock RSV-A2 was stored as 15µl aliquots at -80°C for ongoing use. All handling of RSV-A2 was performed at BSL-2. 
	Submerged Vero, BCi or PBEC cultures were infected with RSV-A2 in 12 well culture plates (Corning, well surface area: 3.8 cm2) or 4 well chamber slides (Nunc, Lab Tech, chamber surface area: 1.7 cm2 ) both coated as described previously with a 1:50 dilution of collagen. Each 12 well plate was seeded at a density of 200,000 cells per well and chamber slides were seeded at 100,000 cells per chamber. 
	Vero cell monolayer infections were performed as 2-fold serial dilutions from an initial 1 in 10 dilution of RSV stock, shown in Table 2. In all 2D infections, viral dilutions were prepared in infection media (Vero: DMEM plus 4nM L-Glutamate, BCi/PBEC: PneumaCult Ex Basal media, 1% pen/strep) and mixed well before adding to the cells. 
	Table 2 RSV-A2 Serial Dilutions and per well concentration used for monolayer infections 
	/
	The cells were washed twice with Infection media before adding 50 µl of each RSV-A2 dilution to 250 µl Infection media per well (12 well plate) or 25 µl RSV dilution to 125 µl media per well (Chamber slides).  After pipetting to mix, the culture plates were placed in an incubator at 37°C, 5% Co2, for 2 hours, pipetting the media again 1 hour after infection. The Infection media was then discarded to Virkon and the wells were washed twice in infection media. Finally, 1ml (per well) or 500 µl (per chamber) of Post infection media (Vero Infection medium + 5% FCS, BCi Infection media + 0.02% BSA) was added for a final incubation period of 72 hours. 
	The modified plaque assay described by McKimm-Breschkin JL (116) was used with minor modification. Briefly, Vero or BCi cells were grown to near confluence in 12 well culture pates and infected with 2-fold serial dilutions of RSV as described in section 2.3.2. After the 2 hour incubation period, infection media was replaced with 1.5 ml of overlay media comprised of either agarose (0.3% or 0.5%) prepared in VERO Post infection medium or an overlay media of microcrystalline cellulose Avicel™. The plates were then returned for the incubator and left undisturbed for 6 days before fixing the cells by adding 2ml of 4% PFA through the Overlay and incubating at room temperature for 30 minutes. The overlay and fixative were then removed, and the cells were stained with either 0.05% Neutral Red or Crystal violet. Plaques are observed as discrete unstained regions of infected, metabolically inactive or dead cells which do not take up the dye.
	ALI cultures were infected with RSV using the same basic protocol for both BCi and primary cell models. Briefly, the apical surface of each well was washed using 200µl of HBSS and the basolateral medium was replaced with 800µl of ALI Infection media (PneumaCult ALI basal media, 1X Pneumacult ALI supplement, 1% pen/strep, 0.02% BSA). RSV stocks were prepared in HBSS to the specified concentrations and added to the cells in 50µl volumes. The bulk of experiments used 2.5 µl of RSV per well, approximately 1.75x105 PFU or an MOI of 1 for an estimated cell density of 1.8x105 cells. Uninfected, HBSS only, controls were included with each infection. Viral concentrations for all volumes of stock used in ALI infections are shown per well in Table 3. 
	Table 3 RSV-A2 concentrations used for ALI infection
	/ The plates were returned to the incubator at 37°c and 5% Co2, with gentle pipette mixing of the apical viral solution after 1 hour. After 2 hours, the viral solution was discarded to Virkon and the apical surfaces were washed with 200 µl of HBSS twice, pipetting gently before removal of each wash. Samples were collected at 2hpi as baseline measures of RSV infection. The remaining cells were returned to the incubator for a further 70 hours for a total 72 hour infection. 
	Samples were prepared for both chromogenic and fluorescent imaging of RSV or SARS-CoV2. Monolayer cell cultures were imaged in 4 well chamber slides (NunTec) which allows culture, infection, fixation and staining to occur directly on the slide used for imaging. The cells were fixed in 4% Paraformaldehyde (PFA) for 30 minutes before washing gently in PBS. The cells were then permeabilised with 0.1% triton X-100 in PBS for 15 minutes at room temperature followed by incubation for 1 hour in peptide blocking buffer (1% BSA in PBS plus 0.1% tween20). Primary antibodies (anti-RSV-A2 G – Rabbit Pab GTX70381) were prepared in the same blocking buffer and added at 1:500 dilution overnight at 4°C. After washing the cells (3x 5min) in PBS-T (0.1% tween), fluorescent labelled secondary antibody (Goat anti-Rabbit AF-568) was added in blocking buffer (1:500 dilution) for 1 hour at room temperature. After washing (3x 5min) unbound antibody with PBS-T, the nuclear dye DAPI was added for 5 minutes (1:1000 in PBS). After a final wash in PBS, the chambers were removed and a coverslip mounted using Mowiol. The slides were imaged once fully dry using an AxioskopII fluorescent microscope.
	ALI samples were fixed by adding 1ml of 4% PFA gently into the apical compartment of HBSS rinsed inserts, allowing the solution to overflow into the basal compartment. After 30 minutes at room temperature, the PFA was removed and the inserts were placed into 70% ETOH for transfer to the histochemical research unit (HRU) for paraffin embedding. Wax embedded transwell membranes were cut to 5µM sections using a microtome and allowed to dry overnight on 3-Aminopropyltriethoxysilane (APES) coated microscope slides. Wax was then removed in XTF Clearing Agent (CellPath) and the samples were rehydrated through grades of alcohol. Antigen retrieval was conducted by heating samples for 25 minutes in a microwave at 50% power in Citrate buffer (10mM Citric acid in dH2O. pH 6). For fluorescent imaging, the same permeabilization, blocking and antibody incubation steps described for monolayer slides were then used for these samples. SARS-CoV2 staining was conducted using an in house rabbit polyclonal anti-SARS-CoV2-N antibody at 1:400 dilution. 
	For chromogenic staining with DAB, dewaxed and rehydrated sections were treated with 0.5% Hydrogen peroxide in Methanol for 10 minutes to block any endogenous peroxidases.  This also removes the need for further permeabilization. The same Antigen Retrieval, peptide blocking, and primary antibody incubation steps were then followed. HRP-conjugated anti-rabbit secondary antibody (1:1000) was added for 1 hour at room temperature. After washing the slides in PBS, the chromogenic substrate was added for 5 minutes. The slides were then rinsed in PBS and placed in running tap water for 5 minutes before briefly counterstaining with Haematoxylin and rinsing in running tap water for a final 5 minutes. The slides were then dehydrated through increasing grades of alcohol followed by XTF clearing reagent and coverslip mounting.   
	To collect samples for RNA isolation, transwell or monolayer cultures were rinsed to remove unbound RSV or media before adding 1ml of Qiazol reagent per well or transwell insert. In ALI experiments, the Qiazol was allowed to overflow from the apical compartments ensuring both sides of the membrane were in contact with the reagent. After a few minutes the Qiazol/cell solution was transferred to sterile RNAse free 1.5ml Eppendorf tubes, pipetting each sample carefully during collection. Samples were left at room temperature for 5 minutes to ensure full dissociation before being stored at -80c or proceeding to RNA isolation. 
	RNA was isolated from Qiazol samples using phenol chloroform extraction. Briefly, each 1ml Qiazol sample was vigorously mixed with 0.2ml of Chloroform for roughly 15 seconds. After resting for 5 minutes at room temperature, the samples were centrifuged at 12,000xg for 15 minutes at 4°C to induce phase separation. The top aqueous phase was transferred to pre-prepared 1.5ml Eppendorf’s containing 0.5ml Isopropanol and 20ug of Glycogen. The samples were briefly vortex mixed then placed at -20°C to incubate for 20 minutes before repeating centrifugation to pellet RNA. The supernatant was removed and the visible RNA pellet was washed twice with 1ml of 75% Ethanol, centrifuging at 12,000xg for 10 minutes at 4°C in between washes. After removing the final wash, residual Ethanol was allowed to evaporate before dissolving the RNA pellet in 15µl of Nuclease Free water. RNA samples were then quantified using NanoDrop 1000 software (Thermo Fisher Scientific) and stored at -80°C.
	RNA was reverse transcribed to complementary DNA (cDNA) using reagents from Applied biosystems. For each sample, 250ng of RNA was prepared to a volume of 13.2μl in RNAse-Free water. This was added to 6.8 μl of Reverse transcription master mix containing: 2μl 10 x RT random primers, 2μl 10 x RT buffer, 0.8μl deoxyribonucleotide triphosphate (dNTP) mix, 1μl RNAse inhibitor and 1μl Multiscribe Reverse Transcriptase. The final 20μl volumes were then exposed to thermal cycling at 25°C for 10 min, 37°C for 2 h and 85°C for 5 min using a Tetrad DNA Engine Thermal Cycler (MJ Research/Bio-Rad Laboratories CA, USA). Samples of cDNA were then diluted 1:10 in RNAse-Free water and stored at 4°C. 
	Quantitative PCR (qPCR) was performed using TaqMan® probe–based assays (Table 4) in 384 well pates. A 1 µl aliquot of each diluted cDNA sample was added to 4 µl of primer master mix (2.5µl of TaqMan Universal Master Mix II (Applied Biosystems), 1.25μl of RNAse-free water (Sigma) and 0.25μl of appropriate TaqMan primers) per well. Reactions were performed in duplicate and amplified using the following cycling parameters: 95°C for 10 min and 40 cycles of 95°C for 15s and 60°C for 1 min using a 7900HT Fast Real-Time PCR System.
	Table 4. qPCR TaqMan probe assays
	/
	Relative gene expression was determined using the comparative Ct or ΔΔCt method proposed by Livak et al (117). By this method, averages of technical replicates of all experimental and baseline Ct values are first normalised to an endogenous control or housekeeping gene (HKG) before the resulting baseline ΔCt values are subtracted from the experimental ΔCt as shown below:
	∆∆𝐶𝑡 = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐺𝑂𝐼−𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐻𝐾𝐺− 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐺𝑂𝐼−𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐻𝐾𝐺
	In this work relative expression was calculated using either uninfected or 2hpi samples as baseline measurements. As described in the livak method, final fold changes are calculated as:     2− ∆∆𝐶𝑡
	Statistical analysis for in vitro experiments was performed using GraphPad Prism (version 9.2 GraphPad Software, San Diego, USA) using non-parametric Wilcoxon matched-pairs signed rank test to compare fold changes between infected and uninfected samples or between RSV infection concentrations. Statistical significance was determined as p<0.05 however no comparisons met this threshold. 
	All Bioinformatics statistical analysis was performed using the packages described in the Bioinformatics methods. 
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	Databases containing published transcriptomics data such as the NCBI GEO repository are an invaluable resource for researchers looking to explore new hypotheses on existing data. Additional data sets are continually added with an increasing expectation that raw data will be made available to the research community with new publications. Whilst independent control of experimental parameters is lost, this collaborative approach to research and data sharing reduces the need for experiments to repeated unnecessarily and allows for data generated from multiple sources to be combined and compared in a single new analysis.  
	In this project, the NCBI GEO repository was used to obtain transcriptomic data generated from airway epithelial cell models of common respiratory viral infections. To allow for differential expression analysis, time-matched uninfected controls needed to be included with each data set as well as sufficient replicate samples of each experimental condition. The search was further restricted to only human ALI models due to the improved biological relevance of this approach over 2D cultures. While this greatly decreased the number of available data sets, maintaining consistency in experimental design was prioritized to minimise the impact of variables other than infection on the analysis. 
	The two data sets ultimately selected for this project describe microarray gene expression changes in ALI cultures infected with four respiratory viruses, two per data set. They were ideal for comparative analysis as both data sets were generated from experiments using primary human bronchial epithelial cells in ALI culture with similar infection protocols. Both data sets also used the Agilent single colour Human Genome Microarray - G4112F platform, which removed an additional source of technical variation between datasets. An overview of the experimental models used by the publishing authors as well as citations for any associated published work are included prior to the results subsection for each data set.
	Data from each viral infection were processed as independent experiments followed by comparison of gene expression differences within data sets and across viral infections. Direct comparison of gene expression at each time point in response to different viruses was not performed due to the expected impact of experimental variables on the results. Importantly for this project, antiviral and inflammatory gene expression in infected samples would be impacted by differences in viral load. This could vary throughout an infection due to factors including the initial viral inoculum and the health or phenotype of the target cells, in addition to incubation time.  
	Differentially expressed genes from each experiment were used for pathway analysis and these results were contrasted across viruses, using time points with the greatest magnitude of change where relevant. The data were additionally filtered to explore any patterns in gene expression with roles in T cell activation and recruitment pathways. This following chapter describes the steps taken to fulfil the first and second aims of this project; analysis and comparison of transcriptomic data generated from virally infected PBEC ALI models of respiratory viral infection.
	GSE32138 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32138) produced by Ioannidis et al, explores infection with two common respiratory viruses, RSV and a seasonal strain of IAV (H3N2). For these experiments, the authors utilized Human airway tracheobronchial epithelial cells, obtained from airway specimens taken during resected at lung transplantation. Isolated epithelial cells were transferred to Transwell inserts for ALI differentiation over 4-6 weeks.
	The differentiated cells were infected for 2h with either Influenza- A/Udorn/72 H3N2 viruses at MOI-1, relative to the apical cells, or the laboratory strain RSV-A2 at MOI-5. The H3N2 infection was incubated for 24 hours post infection while RSV-A2 was incubated for 48 hours. Mock infected controls were simultaneously exposed to the same experimental conditions and incubation times without virus added. 
	Cells from two separate human donors were used to create four samples per condition, resulting in sixteen arrays in total. Infected cultures used two samples from each donor and mock-infected cultures were all from the same donor. Information on which samples were generated from each donor was not provided with the raw data files, however the authors state that no indication of donor effects was observed (Published data from this analysis (105)).
	The raw array intensity files from this data set were appropriately normalised using the NEQC background correction and quantile normalisation. Boxplots of the log transformed raw expression data show minor variations in probe intensity between arrays within each group and larger differences across groups prior to normalisation. Following background correction and quantile normalisation the spread of the data is even across all arrays Figure 31./
	Figure 31 GSE32138 array intensity values before and after NEQC normalisation
	/
	The structure of the normalised data was visualised using multidimensional scaling (MDS) and hierarchical clustering Figure 32. The arrays clustered into 4 distinct groups based on experimental treatment.  Using MDS, arrays in both infection groups were separated from arrays in the mock-infected treatment groups along the x-axis, or first dimension which explains 60% of the data variation. H3N2 infection arrays (Green) are particularly distinct along this axis while RSV infection arrays had greater variation from controls along the y-axis or second dimension which explains 18% of variation. The 4 arrays belonging to each mock-infection group, Mock.RSV (Yellow) and Mock.H3N2 (Pink), also clustered together based on treatment group with slight separation along dimension 2.  
	Hierarchical clustering generated a similar pattern; individual arrays clustered by group membership and the H3N2 infected samples were separated from the other arrays at the first branch of the dendrogram. RSV infected samples were clustered with the least distance from mock infected samples, showing the most similarity to arrays from the Mock.RSV group. No outliers were present in the data.
	/
	Figure 32 GSE32138 arrays cluster by treatment group
	/
	Differential expression (DE) analysis of infected arrays relative to mock infected controls identified a total of 4540 genes affected by H3N2 and only 674 genes affected by RSV beyond the chosen threshold for significance (Adjusted P value 0.05) and effect size (log2FC > 1 or >-1). As displayed in Figure 33, 520 DE genes were common to each infection, 4020 genes were DE by H3N2 alone and just 154 genes were uniquely DE by RSV. 
	H3N2 infection resulted in close to equal numbers of upregulated (2038) and downregulated (2457) genes while RSV infection resulted in 530 upregulated genes and only 144 downregulated genes. 
	/
	The overall magnitude of DE was also larger in response to H3N2 infection than it was for RSV. Volcano plots showing the log2FC in both directions generated for time matched DE analysis of each viral infection are shown in Figure 34. Each point represents a single gene positioned on the plot based on log2FC (x-axis) and significance p. values (y-Axis).  Vertical and horizontal bars respectively show thresholds of effect size and significance. The few genes downregulated by RSV have relatively low log2FC values as well as significance. In contrast, the H3N2 data shows a broader spread both values and a concentration of genes with higher log2FC.  
	/
	Figure 34 GSE32138 Volcano Plots: H3N2 has a larger and more varied impact on gene expression than RSV
	/
	Significantly DE genes identified from each viral infection were taken for pathway annotation and ORA using the clusterProfiler package. The background (Universe) gene set was comprised of all genes with FDR < 0.05 without filtering by effect size.  From 2038 genes upregulated by H3N2 and 530 upregulated by RSV, 1854 and 477 were mapped to GO:BP terms respectively.  The most significantly enriched terms were associated with the immune response for both viral infections, as shown in Figure 35 (A and B). 
	H3N2 infection caused more significant enrichment of cytokine focused GO:BP terms such as “cytokine-mediated signalling pathway” (GO: 0019221) than RSV. There were 152 genes (FDR 8.67x10-31) from this pathway term upregulated by H3N2 and only 58 (FDR 2.33x10-13) upregulated by RSV. Specific antiviral terms were enriched with very similar (or slightly stronger for RSV) FDR adjusted P values by both viruses despite H3N2 resulting in upregulation of more genes from this term, for example H3N2 upregulated 106 genes (FDR 7.69x10-24) from “defence response to virus” (GO:0051607) while 73 genes (FDR 2.18x10-29) were upregulated by RSV. This equates to roughly 50% of all mapped genes upregulated by RSV. 
	Genes downregulated by H3N2 were significantly enriched for pathway terms relating to cilia, for example “cilium organisation” (GO:0044782) and “microtubule-based movement” (GO:0007018). ORA of the genes downregulated by RSV did not identify and significantly enriched terms (FDR < 0.05), however genes inhibited by RSV were mapped to terms relating to cellular metabolism such as “lipid metabolic process” (GO:0006629) and “organic acid metabolic process” (GO:0006082).  
	/
	Genes relating to antiviral immunity were among the most highly upregulated by both viruses with many IFN related genes showing comparable levels of DE by RSV and H3N2.  H3N2 additionally resulted in significant upregulation of cytokine encoding genes, which were not DE by RSV. Normalised expression values for all 82 genes, from either DE gene list, mapped to “defence response to virus” were visualised as a heatmap to compare data from RSV and H3N2 infection Figure 36. Data from both infected and mock-infected arrays for each experimental condition are shown with rows (genes) scaled as Z-Scores, showing variation around the mean expression value of each gene. Hierarchical clustering of rows as well as columns (arrays) was performed using Wards algorithm. Replicate arrays for each experimental treatment group clustered together, including mock-infected arrays. 
	Log2FC and adjusted P values from time matched differential expression analysis for a selection of these genes are included in Table 5. There was comparable upregulation of most type-I IFN inducible genes in response to infection with both viruses including the interferon regulatory factor genes (IRF7 and IRF9), interferon stimulated genes (ISG15 and ISG20) and OAS and IFIT family members. There was a larger difference in expression of both type I and type III IFN genes, specifically, RSV had no impact on any type I IFNs while H3N2 caused DE of several variants of IFNa (IFNA4, IFNA21, IFNA8, IFNA14, IFNA5, IFNA10) as well as IFNE and IFNB1. The log2FC for these genes was lower than for the type III IFNs however as H3N2 had a particularly strong impact on expression of IFNL1, IFNL2 and IFNL3. All three of these genes were also DE by RSV, to a lesser extent. 
	Table 5 GSE32138 Time matched DE of GO:BP Defence response to virus
	H3N2
	RSV
	H3N2
	RSV
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	1.71E-14
	3.78
	3.13E-13
	3.29
	ISG20
	3.10E-14
	9.87
	4.86E-13
	8.68
	OASL
	4.13E-18
	10
	1.44E-11
	2.8
	IFNL3
	3.65E-14
	6.18
	1.62E-14
	7.44
	IFI44L
	8.34E-10
	1.68
	2.25E-11
	2.62
	IRF9
	8.27E-16
	8.94
	5.28E-14
	7.31
	RSAD2
	1.39E-09
	2.44
	8.94E-07
	2.45
	STAT2
	1.75E-13
	7.93
	1.13E-11
	6.93
	IFIT2
	1.27E-08
	2.11
	1.06E-07
	2.14
	TLR3
	8.87E-11
	6.4
	1.94E-06
	6.72
	ISG15
	1.31E-09
	2.88
	8.62E-05
	1.31
	TLR2
	6.36E-13
	6.12
	5.64E-13
	6.47
	OAS2
	8.76E-12
	3.09
	3.56E-04
	0.78
	IFNE
	7.08E-15
	6.41
	1.76E-14
	6.44
	IFIT1
	5.39E-13
	2.75
	5.39E-05
	0.67
	IFNGR2
	7.08E-15
	7.35
	1.03E-13
	6.42
	IFIT3
	7.08E-15
	5.67
	1.10E-02
	0.64
	TNFAIP3
	1.13E-14
	5.92
	1.62E-14
	6.39
	OAS3
	1.82E-14
	7.49
	4.99E-02
	0.51
	IFNB1
	3.96E-13
	4
	6.10E-13
	4.86
	STAT1
	2.24E-12
	5.57
	5.83E-01
	0.17
	TRIM15
	4.72E-12
	4.25
	1.47E-11
	4.16
	IRF7
	2.22E-11
	3.22
	9.77E-01
	0.01
	IFNA8
	3.08E-09
	3.69
	2.55E-08
	3.73
	IFITM1
	4.88E-09
	3.14
	8.76E-01
	-0.07
	IFNA14
	2.05E-17
	10.39
	5.96E-12
	3.71
	IFNL1
	3.35E-13
	5.49
	6.44E-01
	-0.13
	IFNA4
	4.13E-18
	10.87
	8.51E-12
	3.3
	IFNL2
	/
	Enrichment of T cell related genes were identified by filtering for relevant GO:BP terms from the total ORA results for upregulated DE genes from each viral infection (Figure 37) . The significance values assigned to these terms were lower than for the more general terms discussed previously, however, there was moderately significant representation of terms including “T cell migration” (GO:0072678) and “T Cell activation “(GO:0042110) in the H3N2 generated gene set, the latter being mapped to 121 genes significantly DE by this virus. RSV infection resulted in weaker enrichment of most of these terms than H3N2, especially concerning T cell migration” which was not significantly overrepresented in the RSV gene list with only 7 DE genes mapped to this term. Both viral infections resulted in similar, weak, enrichment of GO:BP “antigen processing and presentation” (GO:0019882) and “negative regulation of T cell activation” (GO:0050868), despite RSV resulting in considerably fewer DE genes overall. Table 6 shows FDR values calculated from ORA of these T cell terms. 
	/
	Table 6 GSE32138 H3N2 and RSV DE genes were enriched for T cell activation and recruitment GOBP terms
	(477 genes)
	(1854 genes)
	RSV 
	H3N2 
	FDR
	Count
	FDR
	Count
	Description
	ID
	8.91E-06
	37
	2.71E-18
	121
	T cell activation
	GO:0042110
	1.26E-06
	20
	2.08E-09
	35
	T cell mediated immunity
	GO:0002456
	7.22E-04
	20
	2.56E-09
	60
	positive regulation of T cell activation
	GO:0050870
	1.07E-02
	7
	3.06E-07
	23
	T cell migration
	GO:0072678
	8.27E-05
	18
	9.34E-05
	29
	antigen processing and presentation
	GO:0019882
	9.16E-05
	15
	5.13E-04
	25
	negative regulation of T cell activation
	GO:0050868
	/
	The 23 genes matched to “T cell migration” in the H3N2 data were reduced to 6 with relevance to PBEC – T cell recruitment. There were no additional unique genes relating to this subject in the RSV ORA.  Expression data for these 6 genes are shown as a heatmap in Figure 38 and the corresponding differential expression statistics are shown in Table 7.  Both viruses had a particularly strong impact on the chemokine genes CXCL10 and CXCL11, which were among the most highly DE in each analysis. However, the log2FC for all genes in this category were higher for H3N2 than they were for RSV. CCL5 was the most highly upregulated CC chemokine in the RSV analysis followed by CCL20. Log2FC for these genes were more than twice as high in response to H3N2. Finally, RSV had no significant impact on CCL3 or CCL2, both of which were upregulated by H3N2, CCL3 with particular abundance. 
	The 114 genes matched to “T cell activation” from one or both gene lists were reduced to 28 with relevance to this project. This PBEC – T Cell Activation gene set was further categorised into two groups based on whether the gene products are secreted cytokines or surface bound e.g., co-stimulatory molecules or MHC receptors. There was comparable low upregulation of most MHC encoding genes with the exception of HLA-DPA1, which was not upregulated by H3N2. A heatmap generated from expression data for these genes (Figure 39) shows that this might not be a reliable finding as the mock infected H3N2 baseline samples show mixed intensity values for this gene. 
	The remaining genes in this category were DE by H3N2 to a greater extent than they were by RSV. Only 5/14 cytokine genes were significantly DE by RSV, and those 5 were upregulated with relatively small log2FC compared to H3N2. This difference was most substantial for IL6, IL1B and TNF, all of which were not altered beyond the significance threshold by RSV but were highly upregulated by H3N2 (Table 8). 
	//
	Table 7 Pairwise differential expression of GSE32138 RSV and H3N2 infected PBEC relative to time matched controls for gene in the PBEC - T cell Migration gene set
	H3N2
	RSV
	FDR
	log2FC
	FDR
	log2FC
	SYMBOL
	1.95E-16
	12.09
	3.44E-12
	6.8
	CXCL11
	3.35E-17
	11.97
	1.62E-14
	7.6
	CXCL10
	8.13E-16
	8.9
	2.50E-11
	4.01
	CCL5
	1.47E-11
	8.23
	9.39E-01
	0.05
	CCL3
	5.55E-09
	6.53
	1.44E-03
	2.43
	CCL20
	1.14E-08
	6.49
	9.52E-01
	-0.06
	CCL2
	/
	/
	Table 8 Pairwise differential expression of GSE32138 RSV and H3N2 infected PBEC relative to time matched controls for gene in the PBEC - T cell activation gene set
	H3N2
	RSV
	H3N2
	RSV
	FDR.
	log2FC
	FDR.
	log2FC
	SYMBOL
	FDR.
	log2FC
	FDR.
	log2FC
	SYMBOL
	5.03E-12
	6.22
	3.94E-05
	1.9
	CD274
	1.02E-14
	10.48
	1.42E-03
	1.21
	IL6
	3.46E-13
	5.74
	2.61E-08
	2.87
	CEACAM1
	2.89E-16
	8.87
	1.08E-02
	0.56
	IL1A
	2.59E-10
	5.14
	1.99E-02
	0.99
	CD83
	4.50E-14
	8.58
	7.01E-01
	0.15
	IL1B
	3.13E-09
	3.4
	7.52E-01
	0.13
	CD200
	3.03E-14
	7.11
	8.24E-01
	0.36
	TNF
	1.22E-10
	3.22
	2.42E-06
	1.7
	CD70
	7.08E-15
	7.09
	3.76E-02
	0.47
	IL23A
	3.88E-04
	2.91
	4.53E-05
	1.26
	B2M
	1.10E-07
	2.73
	9.03E-01
	0.06
	TSLP
	1.45E-03
	2.57
	4.21E-03
	2.43
	HLA-G
	3.31E-06
	2.63
	6.49E-01
	0.25
	IL33
	8.10E-08
	2.04
	8.94E-03
	1.42
	CD47
	5.61E-05
	2.53
	6.38E-04
	2.38
	LGALS9
	1.79E-08
	1.84
	4.61E-09
	1.91
	HLA-F
	2.09E-09
	2.01
	1.34E-01
	0.29
	IL12A
	1.50E-05
	1.44
	4.79E-05
	1.78
	HLA-E
	5.33E-10
	1.74
	1.42E-07
	1.31
	IL15
	2.08E-08
	1.43
	7.39E-09
	1.88
	HLA-A
	7.58E-05
	1.6
	6.67E-01
	0.2
	LGALS1
	2.57E-07
	1.18
	1.24E-07
	1.25
	HLA-B
	1.44E-04
	1.53
	8.55E-01
	-0.1
	IL12B
	4.02E-05
	1.14
	9.43E-01
	0.35
	CD276
	9.88E-05
	1.09
	9.97E-01
	0
	IL4
	4.81E-02
	-0.68
	1.18E-02
	1.24
	HLA-DPA1
	3.24E-05
	1.07
	9.48E-01
	-0.02
	IL18
	/
	The final PBEC-T Cell signature generated from the GSE32138 data set consisted of 34 genes with varied expression in response to RSV and H3N2. Almost half, 47% (16/34) were not DE by RSV, primarily genes from the secreted cytokine sub list. H3N2 also had minimal impact on 5 of these genes however the response to H3N2 was overall considerably stronger than RSV. 
	GSE47961 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47961) produced by Mitchell et al, looks at two highly pathogenic viruses, a Californian isolate of the 2009 H1N1 strain of IAV and SARS-CoV1, the causative agent of the 2002 SARS outbreak. In this dataset, samples were collected at multiple time points post infection allowing for analysis of temporal differences in the epithelial response to infection with these viruses. 
	Primary Human- tracheobronchial epithelial cells were differentiated using the ALI method. There is no specific description of donor allocation or number in the associated metadata, however the original authors state that the same cell stock was used for all replicate samples. Arrays for infected samples were performed in quadruplicate and mock-infected samples were analysed in triplicate, except for the 18h mock-infected array which was performed in duplicate. After ALI differentiation, the cells were exposed at the apical surface to either H1N1 (MOI-2) or SARS-CoV1 (MOI-2) for 2 hours before washing and incubation up to a maximum of 48h (H1N1) or 72h (SARS-CoV1).  
	This project re-analysed data from the 0, 6, 12, 18, 24, 36 and 48h H1N1 time points as well as the 0, 24, 48, 60, 72, 84 and 96h SARS-CoV1 time points in addition to the corresponding mock-infected samples. The mock-infected samples were not infection specific so where time points overlap the same mock samples were used. The final data import consisted of 88 Agilent single colour arrays, 56 infected and 32 mock infected, which as with the previous dataset, contain 45015 probes per array.  
	The GSE47961 arrays were imported to R-Studio and normalised using the same approach described for the GSE32138 data. There were no substantial differences between the raw array intensity values and NEQC background correction and quantile normalisation resulted in appropriately distributed arrays suitable for DE analysis Figure 310. 
	/
	No outliers were detected using MDS plots of normalised expression data and the arrays were clustered by treatment group overall (Figure 311 A). Treatment group clustering occurred along the first dimension (Dim 1) which explained 45% of the group variation. H1N1 arrays (Green) are most distinct while SARS-CoV1 arrays (Purple) are in close proximity to mock infected arrays (Pink) with some overlap of SARS-CoV1 24h arrays.  All 0h samples predictably group with controls regardless of infection group. H1N1 arrays additionally separate along Dim1 by time point; 6hpi samples are closer to SARS-CoV1 and mock arrays followed by 12h and 48h samples, then 18 and 36h samples, with 24h samples forming a tight cluster furthest from the other arrays. The 18h and 36h H1N1 infections are less distinct and arguably form two mixed clusters separated along Dim2 (10% of variation). 
	SARS-CoV1 arrays also formed loosely time point dependent groups; the 96h arrays were clustered together, and separated from 48h arrays by Dim2, and 72h and 84h arrays were closer to H1N1 6h arrays. However, most replicates of the 60h, 72h and 84h time points did not cluster together. 
	Considerable overlap between SARS-CoV1 arrays and Mock-infected controls as well as clear separation of H1N1 arrays can be see with hierarchical clustering Figure 311 B.
	/
	The arrays from both infection groups were normalised together and treated as a single dataset for time matched DE analysis. There were no condition specific mock-infected controls in this dataset so where time-points overlap, the H1N1 and SARS-CoV1 infection samples were analysed relative to the same baseline sample. Time matched DE analysis identified both upregulated and downregulated genes at every time point post H1N1 infection (Table 9). As early as 6hpi there are over 200 upregulated genes and the number of genes increases with increasing time point until 48hpi when there is a relative drop in DE numbers.  The highest number of genes were DE at 24hpi and 36hpi with a roughly even number of genes upregulated and downregulated beyond the significance and effect size thresholds at these time points. 
	SARS-CoV1 infection had a considerably weaker impact on gene expression than H1N1, the greatest amount of total DE occurred at 48hpi with genes evenly up and downregulated. Slightly more genes were upregulated at 72 and 84hpi however there were still fewer genes DE by SARS-CoV1 at these time points than there were at 6hpi with H1N1.  DE gene counts at these time points are lower than the number of genes DE by H1N1 at 6hpi. No time points besides 48h resulted in downregulation with the exception of 3 genes downregulated at 24hpi and 1 downregulated at 96hpi.
	Table 9 Differentially expressed gene counts for H1N1 and SARS-CoV1 infection relative to time matched controls
	SARS-CoV1
	H1N1
	Down
	UP
	NotSig
	HPI
	 
	Down
	UP
	NotSig
	HPI
	24
	6
	3
	11
	18798
	 
	3
	248
	18561
	48
	12
	126
	111
	18575
	 
	117
	580
	18115
	60
	18
	6
	91
	18715
	 
	458
	949
	17405
	72
	24
	0
	164
	18648
	 
	1297
	1231
	16284
	84
	36
	0
	167
	18645
	 
	999
	1195
	16618
	96
	48
	1
	97
	18714
	 
	644
	565
	17603
	Differential expression analysis performed on NEQC normalised expression data. HPI = Hours Post Infection. Genes are counted as differentially expressed with a log2FC ≤ -1 or ≥1 AND an adjusted P value < 0.05. NotSig includes all genes not meeting both criteria. Expression data has been collapsed to gene level by taking the average of probe variants.
	As multiple timepoints were available with this data set it was possible to gain a deeper understanding of the impact of these viruses over the course of infection. To do this, the maSigPro package was used to analyse normalised expression data from each infection as individual time series with the results described separately for the H1N1 and SARS-CoV1 data. 
	H1N1 infection resulted in significant DE of genes from the earliest 6h time point with both up and downregulated genes showing peak DE at 18-24hpi. The maSigPro clustering approach identified 9 distinct temporal expression patterns for a total of 7317 genes classified as DE in at least one time point relative to control samples. Plots showing the trend for expression of genes in each cluster are shown in Figure 312. Most clusters of genes show distinct expression to control samples; clusters 5, 7 and 8 are upregulated while clusters 1,2,3,4 and 9 show overall downregulation relative to uninfected samples. The genes in cluster 6 are also ultimately upregulated by infection following 12 hours of relative inhibition. In most clusters, the 24h time point shows the greatest difference in expression between H1N1 infected and control samples. 
	/
	As the expression values for each cluster peak at 24hpi, log2FC values from the 24h time-matched DE analysis were used to rank genes from each cluster for ORA using clusterProfiler. Genes not significantly DE at this time point were excluded from the analysis and the complete list of ranked genes DE at 24hpi were used as the background or “universe” gene set.
	The result of ORA of the genes downregulated by H1N1 infection, clusters 1, 2, 3 and 4, are shown in Figure 313. Cluster 9 was not included as none of the 439 genes in this group were DE at the 24h peak relative to time-matched controls. There were only 18/335 genes from cluster 4 with log2FC exceeding -1 at the same time point, ORA was performed for these genes however no GO:BP terms were significant.  The downregulated genes with both cluster 2 and cluster 3 expression patterns were significantly enriched for pathways relating to cellular metabolism. For example, the term “regulation of cellular metabolic processes” (GO: 0031323) was significant for cluster 2 with 121 genes mapped to this term, while 100 genes from the term “catabolic process” (GO: GO:0009056) were found in cluster 3. Both cluster 2 and 3 also share similar expression patterns with the extent of downregulation increasing until 24hpi and then decreasing again until the 48 end of infection. The expression values of cluster 2 genes are similar in both infected and control samples by 48hpi whereas cluster 3 genes remain downregulated by infection, relative to control samples, throughout. Cluster 1 genes were primarily associated with GO:BP terms relating to cilia, the top 10 most enriched terms for this gene list included “cilium organisation” (GO:0044782)  and “microtubule-based movement” (GO:0007018). Expression of these genes declines from 12hpi to a stable low relative to controls at 24hpi. Their expression remains at this level until the 48h endpoint. 
	/ 
	Genes upregulated by H1N1, from clusters 5, 6, 7 and 8, were analysed using the same approach with all significant DE genes, with log2FC >= 1, from the 24hpi time-matched analysis used as background genes. No GO:BP terms were significantly enriched for the cluster 6 gene list (Figure 314 B), however the few significantly DE genes in this cluster were mapped to terms relating to cellular metabolism. Genes in cluster 6 show a temporal expression pattern with initial downregulation followed by upregulation between 18 and 36h. Cluster 5 genes are rapidly and increasingly upregulated between 6 and 24hpi followed a reduction in the extent of upregulation until 48h, approaching levels seen at 6hpi by the end of infection. The genes in this cluster were highly significantly enriched for terms such as “response to virus” (GO:0009615) and “regulation of viral genome replication” (GO:0045069) (Figure 314 A.). 
	Genes grouped into cluster 8 begin being upregulated by H1N1 infection at 12-18hpi and their expression value increases to a plateau between 24 and 36hpi before decreasing to levels comparable with the 18h time point by 48hpi. While not reaching the levels of significance seen for cluster 5, GO:BP terms relating to adaptive immunity such as  “T cell mediated immunity” (GO:0002456) were significantly represented the cluster 8 gene list (Figure 314 D).
	/ 
	/Antiviral gene expression predominantly took the immediate cluster 5 pattern, however there were also genes in cluster 8 which mapped to terms such as “defence response”. Normalised expression values for genes from both clusters mapped to this term are shown in Figure 315. IFN inducible genes (eg. IFIT1, IFIT2, ISG15, OAS1, OAS2, IDO1) as well as the type I (IFNB1 and IFNA14) and type III (IFNL1, IFNL2, IFNL3) IFN genes were found in cluster 5. As with H3N2, H1N1 infection had a stronger impact on type III IFNs than type I IFNs especially at the 24hpi peak of expression. A table showing log2FC values for key antiviral genes at all time points is included (Table 10). 
	/
	Figure 315 GSE47961 H1N1: had a strong and immediate impact on many genes from the term Defence Response
	 /
	Table 10 Time matched Differential expression analysis of GSE47961 H1N1 infected samples confirms the strong induction of antiviral genes mapped to the term "Defence Response".
	H1N1 48h
	H1N1 36h
	H1N1 24h
	H1N1 18h
	H1N1 12h
	H1N1 6h
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	2.20E-18
	4.119
	1.92E-32
	7.547
	9.17E-39
	9.777
	7.96E-32
	8.427
	3.80E-32
	7.567
	3.70E-23
	5.228
	IFNL3
	1.45E-19
	4.293
	1.59E-32
	7.447
	4.84E-39
	9.716
	4.19E-33
	8.778
	4.19E-32
	7.421
	8.35E-24
	5.292
	IFNL2
	5.72E-36
	8.022
	1.96E-40
	9.490
	5.90E-40
	9.152
	5.54E-37
	9.391
	1.83E-37
	8.453
	4.01E-34
	7.590
	OASL
	3.00E-19
	3.850
	1.12E-33
	7.117
	1.90E-39
	8.996
	1.78E-32
	7.759
	2.13E-31
	6.563
	6.59E-22
	4.425
	IFNL1
	3.70E-33
	6.754
	1.06E-38
	8.399
	2.06E-38
	8.287
	1.16E-33
	7.994
	4.11E-36
	7.591
	6.81E-31
	6.292
	RSAD2
	2.59E-36
	6.596
	8.99E-40
	7.659
	1.53E-40
	7.957
	3.13E-38
	8.390
	1.28E-38
	7.469
	3.07E-33
	6.018
	IFIT2
	1.91E-35
	6.730
	1.14E-39
	7.868
	1.29E-38
	7.453
	9.85E-37
	7.990
	1.78E-37
	7.339
	1.47E-32
	6.083
	IFIT1
	5.17E-36
	6.297
	9.15E-41
	7.534
	3.67E-40
	7.220
	2.78E-37
	7.452
	1.83E-37
	6.586
	1.51E-32
	5.491
	IFIT3
	4.93E-06
	1.651
	2.69E-17
	3.622
	1.61E-28
	6.091
	2.80E-24
	5.822
	1.74E-24
	5.200
	1.11E-09
	2.422
	IFNB1
	4.01E-30
	5.062
	2.45E-34
	5.930
	6.11E-34
	5.828
	1.46E-31
	5.890
	8.07E-31
	5.114
	3.99E-26
	4.334
	OAS3
	1.08E-09
	3.190
	1.45E-23
	6.762
	3.42E-20
	5.752
	1.09E-19
	6.467
	2.49E-18
	5.368
	6.57E-10
	3.382
	IDO1
	1.24E-31
	4.782
	5.06E-35
	5.378
	3.77E-36
	5.628
	5.42E-33
	5.688
	1.72E-27
	3.969
	2.08E-24
	3.537
	OAS1
	1.23E-16
	4.417
	2.69E-20
	5.066
	3.96E-23
	5.330
	1.67E-19
	5.346
	5.33E-22
	4.946
	1.65E-18
	4.121
	ISG15
	2.24E-24
	4.444
	7.52E-29
	5.504
	2.13E-28
	5.145
	7.15E-26
	5.487
	8.05E-27
	4.869
	1.40E-23
	4.149
	OAS2
	8.73E-01
	0.169
	5.47E-18
	6.544
	2.20E-13
	5.038
	1.08E-05
	3.119
	2.76E-01
	0.789
	3.35E-01
	1.029
	IL36G
	2.90E-33
	3.401
	1.06E-37
	3.981
	2.92E-40
	4.433
	5.54E-37
	4.450
	2.58E-36
	3.808
	6.20E-31
	3.107
	IFIH1
	1.57E-14
	3.131
	1.48E-23
	4.464
	7.84E-23
	4.272
	3.73E-18
	4.100
	7.39E-20
	4.011
	2.90E-14
	3.287
	STAT1
	7.35E-32
	3.638
	7.25E-33
	3.708
	6.03E-36
	4.203
	1.26E-30
	3.861
	6.40E-29
	3.179
	7.61E-20
	2.160
	ISG20
	1.14E-27
	3.654
	3.98E-31
	4.136
	1.72E-30
	4.016
	3.68E-20
	2.922
	4.17E-13
	1.787
	3.75E-05
	0.985
	LAG3
	9.34E-04
	1.041
	1.44E-18
	3.399
	6.26E-20
	3.630
	1.73E-04
	1.329
	9.62E-01
	0.025
	9.98E-01
	-0.006
	IL17C
	1.52E-01
	1.121
	1.90E-09
	2.390
	4.05E-17
	3.510
	8.04E-17
	3.746
	1.92E-17
	3.582
	1.83E-01
	1.461
	SOCS1
	6.88E-36
	3.878
	4.22E-34
	3.507
	1.36E-32
	3.283
	8.06E-32
	3.649
	7.02E-34
	3.529
	4.16E-27
	2.694
	IFITM1
	2.85E-07
	1.151
	1.68E-28
	3.737
	3.05E-24
	3.094
	1.86E-11
	1.817
	4.31E-11
	1.586
	1.88E-02
	0.636
	TLR2
	4.12E-21
	2.703
	1.85E-22
	2.814
	2.63E-21
	2.657
	1.57E-17
	2.542
	2.75E-16
	2.116
	1.02E-08
	1.357
	IFITM2
	1.32E-04
	0.941
	3.70E-10
	1.603
	5.42E-14
	2.062
	2.38E-14
	2.445
	1.68E-12
	1.951
	9.99E-07
	1.315
	IRF1
	1.69E-07
	1.114
	4.99E-16
	2.047
	7.81E-17
	2.018
	3.44E-17
	2.367
	2.83E-13
	1.714
	4.27E-07
	1.274
	MYD88
	9.01E-08
	0.791
	1.10E-15
	1.329
	4.30E-24
	2.013
	8.03E-16
	1.546
	8.26E-19
	1.602
	8.17E-05
	0.624
	NOD2
	8.38E-01
	0.050
	5.54E-02
	0.281
	3.98E-23
	2.003
	1.15E-24
	2.467
	3.18E-15
	1.383
	9.76E-01
	0.025
	IFNA14
	8.08E-12
	1.671
	3.77E-18
	2.342
	1.45E-14
	1.919
	6.52E-12
	1.894
	2.95E-13
	1.837
	2.73E-09
	1.457
	IRF9
	7.96E-04
	0.679
	3.65E-16
	1.930
	1.43E-15
	1.861
	3.53E-13
	1.877
	3.54E-06
	0.969
	1.20E-03
	0.747
	IL18RAP
	3.22E-01
	0.283
	8.14E-07
	1.161
	1.02E-12
	1.853
	8.57E-13
	2.164
	1.53E-10
	1.670
	7.39E-01
	0.221
	IFNE
	GSE47961 H1N1 expression data was normalised using NEQC and differentially expressed (DE) genes were identified using LIMMA, with time matched mock-infected samples used as baseline. The result of this analysis for genes mapped to the GO:BP term “Defence Response” are shown as log2 fold change (log2FC) and FDR adjusted P values (FDR). Genes are arranged by log2FC at 24hpi and FDR values are shaded with a 3 point scale from yellow – green – violet, indicating increasing significance.  
	In contrast to H1N1, expression patterns of SARS-CoV1 infected samples were very similar to the control samples for all but clusters 4, 6 and 9. Genes grouped into cluster 1 change expression throughout infection but to the same extent in both infected and control samples.  Cluster 4 has the most definitive SARS-CoV1 infection dependent upregulation with stable expression in control samples. The upregulation seen for genes in cluster 9 is more modest and occurs beyond control samples only at 60hpi. Cluster 6 appears to have relatively stable high expression compared to the uninfected controls at all time points. Plots generated by maSigPro showing the result of this analysis are shown in Figure 316.
	/
	ORA of genes in cluster 4 and cluster 6 was performed using all SARS-CoV1 72hpi upregulated genes as background. Cluster 9 was also explored however there were only 2 genes with log2FC >= 1 in this cluster. As genes from the remaining clusters did not differ from control samples they were not investigated further. The 10 most significantly enriched terms from cluster 6 ORA (Figure 317. B) included “cellular response to stress” (GO:0033554) and “developmental process” (GO:0032502).  There was considerable overlap between these terms with transcription factor encoding genes such as FOS, and Early Growth Response 1 (EGR1) found in all 10 shown here. Genes in this cluster were consistently expressed with values greater than those for control samples however, there was more definitive upregulation of genes grouped into Cluster 4. These genes are steadily upregulated to a peak of expression 72h post SARS-CoV1 infection. The genes in cluster 4 have a clear antiviral focus with “response to virus” and “innate immune response” among the 10 most significant terms for this cluster of genes (Figure 317 A).  
	/
	/Genes from cluster 4 including antiviral IFIT (inc. IFIT1, IFIT3), IRF (IRF7, IRF9), ISG (ISG15, ISG20) and OAS (OAS1, OAS2, OAS3, OASL) families of genes, begin being upregulated by SARS-CoV1 at 48h and reach a plateaux of expression between 72 and 84hpi. The genes mentioned here were upregulated with log2FC between 3 and 6 at 72hpi. Type I and type III IFN genes, IFNB1, IFNL1, IFNL2 and IFNL3, were also grouped into cluster 4 and were all roughly equally upregulated (log2FC 1-2) by SARS-CoV1 at the 72h peak of expression. “Defence response” genes were also present in cluster 6, with less significant enrichment. Normalised expression values for genes mapped to “defence response” from both gene clusters are shown as a heatmap (Figure 318), and log2FC (Table 11).
	Table 11 Time matched Differential expression analysis of GSE47961 SARS-CoV1 infected samples confirms the later induction of antiviral genes mapped to the term "Defence Response".
	SARS1 96h
	SARS1 84h
	SARS1 72h
	SARS1 60h
	SARS1 48h
	SARS1 24h
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	7.02E-22
	4.548
	3.83E-29
	6.168
	1.70E-28
	5.984
	1.66E-23
	4.933
	5.24E-18
	3.857
	9.37E-01
	-0.238
	OASL
	3.27E-28
	5.514
	8.55E-30
	5.825
	7.85E-29
	5.531
	1.61E-20
	3.902
	3.00E-14
	2.875
	1.00E+00
	-0.006
	IFI44L
	6.96E-26
	4.687
	1.47E-32
	6.246
	4.02E-29
	5.312
	1.88E-23
	4.229
	7.67E-19
	3.464
	8.79E-01
	0.266
	IFIT1
	2.31E-17
	3.445
	6.63E-25
	4.755
	1.61E-24
	4.588
	4.49E-18
	3.463
	4.50E-15
	3.029
	9.52E-01
	-0.164
	RSAD2
	2.20E-15
	4.642
	4.91E-18
	5.135
	6.37E-16
	4.490
	3.68E-06
	2.350
	9.63E-02
	0.920
	5.99E-01
	-0.700
	IFI27
	6.31E-16
	2.719
	1.81E-27
	4.602
	2.47E-25
	4.360
	7.34E-21
	3.648
	7.95E-17
	2.923
	7.84E-01
	-0.303
	IFIT2
	5.16E-19
	3.214
	3.14E-23
	3.815
	1.36E-23
	4.022
	5.36E-14
	2.505
	2.67E-07
	1.617
	9.97E-01
	-0.037
	OAS3
	1.37E-06
	2.793
	7.82E-15
	3.799
	4.56E-12
	3.531
	9.22E-08
	2.684
	3.77E-05
	1.873
	9.47E-01
	0.066
	ISG15
	4.62E-17
	2.571
	1.24E-20
	3.021
	1.98E-22
	3.282
	3.96E-15
	2.350
	5.45E-08
	1.510
	9.99E-01
	-0.012
	OAS1
	5.17E-32
	3.454
	2.54E-28
	2.892
	1.10E-29
	3.087
	6.16E-18
	1.842
	1.58E-06
	0.901
	7.01E-01
	0.227
	IFITM1
	6.01E-07
	2.077
	1.91E-10
	2.578
	1.00E-10
	2.639
	1.10E-03
	1.564
	3.00E-02
	0.915
	9.97E-01
	0.040
	IRF7
	2.93E-03
	1.385
	3.82E-08
	2.273
	1.42E-09
	2.525
	1.42E-09
	2.580
	7.77E-03
	1.194
	9.94E-01
	0.118
	IFNL2
	6.53E-02
	1.040
	7.17E-06
	1.894
	1.31E-08
	2.390
	1.69E-06
	2.060
	1.03E-03
	1.471
	9.58E-01
	-0.231
	IFNL3
	1.80E-02
	1.159
	2.96E-10
	2.573
	3.40E-09
	2.384
	4.40E-09
	2.419
	1.31E-03
	1.379
	9.93E-01
	0.128
	IFNB1
	5.46E-01
	0.467
	7.17E-07
	1.861
	3.05E-08
	2.080
	9.82E-05
	1.544
	1.16E-03
	1.304
	9.99E-01
	-0.032
	IFNL1
	2.13E-17
	2.160
	8.65E-18
	2.174
	3.23E-16
	2.006
	3.84E-05
	0.952
	2.38E-01
	0.324
	6.96E-01
	0.281
	IFITM3
	3.95E-11
	1.393
	2.20E-18
	2.044
	3.44E-17
	1.926
	1.57E-09
	1.261
	4.34E-06
	0.962
	9.99E-01
	0.011
	ISG20
	2.79E-11
	1.722
	2.76E-11
	1.704
	1.12E-11
	1.743
	3.16E-04
	0.961
	6.14E-01
	0.191
	9.68E-01
	-0.124
	IRF9
	GSE47961 SARS-CoV1 expression data was normalised using NEQC and differentially expressed (DE) genes were identified using LIMMA, with time matched mock-infected samples used as baseline. The result of this analysis for genes mapped to the GO:BP term “Defence Response” are shown as log2 fold change (log2FC) and FDR adjusted P values (FDR). Genes are arranged by log2FC at 72hpi and FDR values are shaded with a 3 point scale from yellow – green – violet, indicating increasing significance: Yellow > 0.05, Green: 0.05 – 1E-10, Purple: 1E-10 – 1E-40
	While there were no clusters of genes with a pattern of downregulation identified using maSigPro, the 126 genes found to be downregulated by SARS-CoV1 infection at 48h using limma analysis were explored further. To perform ORA on this gene set, the full list of genes significantly DE by SARS-COV1 at 48h were used as the background gene set, without effect size filtering. The pathway terms identified for these genes related to extracellular matrix organisation and tissue development (Figure 319). 
	/
	T cell related GO:BP term enrichment was explored using all genes which were upregulated at the time points with maximal DE. For H1N1 this was the 24h time point and for SARS-CoV1 the genes DE at 72hpi were combined with 38 which were uniquely DE at 84hpi. ORA analysis was performed for log2FC ranked up regulated genes from each infection separately using the full list of significantly (FDR < 0.05) DE genes without effect size filtering for background genes. From 1231 and 202 genes upregulated by H1N1 and SARS-CoV1 infection respectively, clusterProfiler mapped a total of 1088 and 190 genes to GO:BP pathway terms. The result of each ORA was filtered for terms relating to T cell recruitment or activation, without limiting results by significance of enrichment. This identified genes DE by each infection with roles in these functional terms. H1N1 infection caused DE of a greater number of genes within these terms than SARS-CoV1, with many also considered significantly enriched Figure 320. SARS-CoV1 infection resulted in upregulation of genes with T cell related functions but to a lesser extent with no terms reaching significance. A direct comparison of gene counts per T cell term as well as FDR adjusted P values for enrichment are shown in Table 12. /
	Table 12 GSE47961 H1N1 and SARS-CoV1 T cell activation and recruitment GO BP term enrichment.
	(190 genes)
	(1088 genes)
	SARS1
	H1N1 
	FDR
	Count
	FDR
	Count
	Description
	ID
	0.367
	19
	1.99E-17
	85
	T cell activation
	GO:0042110
	0.268
	20
	2.01E-12
	76
	regulation of lymphocyte activation
	GO:0051249
	0.227
	10
	1.25E-09
	29
	T cell mediated immunity
	GO:0002456
	0.182
	12
	7.48E-09
	41
	positive regulation of T cell activation
	GO:0050870
	0.542
	13
	1.03E-08
	48
	lymphocyte mediated immunity
	GO:0002449
	0.460
	8
	2.12E-08
	25
	antigen processing and presentation
	GO:0019882
	0.179
	11
	1.30E-07
	33
	regulation of lymphocyte mediated immunity
	GO:0002706
	na
	0
	2.39E-07
	19
	T cell migration
	GO:0072678
	0.285
	7
	0.00015
	18
	negative regulation of T cell activation
	GO:0050868
	/ 
	The 19 genes from the H1N1 gene list which mapped to “T cell migration” were reduced to 7 with relevance to PBEC recruitment of T cells.  Expression values for these genes over 48h H1N1 infection are shown as a heatmap (Figure 321). Row clustering, with time point ordered columns, identified clear distinctions between genes with different temporal profiles. CXCL10, CXCL11 and CCL5 were clustered together with consistent low expression in all control samples and shared immediate upregulation and 24h peak expression in infected samples. These genes were grouped into cluster 5 by maSigPro and were among the most highly DE in time matched analysis. CXCL10 and CXCL11 were particularly highly upregulated with log2FC > 11 at 24hpi (Table 13).  CCL2 was also expressed with the cluster 5 pattern but with a smaller effect size as well as modest downregulation at 48hpi. 
	CCL20, CXCL16 and CCL3 were not significantly DE until 18-24hpi and were grouped into cluster 8 by maSigPro analysis. CCL20 showing the strongest induction at log2FC 3.7 by 36hpi and CXCL16 and CCL3 reaching a maximum of 1.7 and 2 log2FC respectively at 36 and 24hpi.  
	/
	Table 13 GSE47961 H1N1 Time-matched differential expression results for the PBEC - T cell migration gene set
	48h
	H1N1 
	36h
	H1N1 
	24h
	H1N1 
	18h
	H1N1 
	12h
	H1N1 
	6h
	H1N1
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	5.51E-28
	7.075
	8.18E-40
	11.408
	3.81E-40
	11.449
	8.49E-36
	11.089
	5.44E-37
	10.223
	4.64E-28
	7.162
	CXCL10
	2.75E-32
	8.436
	3.97E-39
	10.891
	9.86E-40
	11.343
	7.21E-35
	10.514
	5.99E-34
	8.976
	1.18E-21
	5.346
	CXCL11
	9.26E-18
	3.089
	1.89E-36
	6.914
	5.67E-37
	7.033
	1.15E-31
	6.472
	4.31E-30
	5.368
	2.08E-17
	3.079
	CCL5
	1.94E-03
	1.227
	1.01E-15
	3.669
	8.91E-13
	3.071
	1.40E-04
	1.694
	3.30E-01
	0.456
	9.61E-01
	0.101
	CCL20
	1.51E-14
	-2.209
	6.67E-01
	0.126
	3.11E-15
	2.228
	6.66E-14
	2.393
	3.79E-08
	1.436
	4.35E-04
	0.975
	CCL2
	4.07E-03
	0.940
	1.42E-04
	1.186
	1.28E-09
	2.021
	8.51E-01
	0.105
	5.65E-01
	-0.244
	9.98E-01
	0.006
	CCL3
	5.05E-06
	1.034
	4.36E-12
	1.674
	4.32E-10
	1.448
	1.45E-02
	0.625
	9.52E-02
	0.405
	9.81E-01
	-0.030
	CXCL16
	GSE47961 H1N1 Time matched DE analysis was performed on NEQC normalised data using Limma with results calculated for infected samples relative to mock-infected controls at every time point. Chemokine encoding genes were identified from genes significantly DE by H1N1 infection at 24hpi using ORA. Log2 fold change Log2FC values for these genes generated from time matched DE analysis of each time point relative to mock infected controls are shown here with FDR adjusted P values (FDR) coloured with a 3-point scale: Yellow > 0.05, Green: 0.05 – 1E-10, Purple: 1E-10 – 1E-40
	A total of 20 genes were selected from the 85 genes mapped to “T cell activation” from the H1N1 gene list, no additional unique genes were present in the 19 which were identified from SARS-CoV1 upregulated genes. This included genes which encode MHC receptors also found in the term “Antigen processing and presentation” as well as surface expressed markers such as CD200 which were also mapped to “T cell migration”.  A heatmap of normalised expression values for these 20 genes throughout the H1N1 infection time series is included in Figure 322. Log2FC data from time matched DE analysis for genes encoding cytokines and surface molecules from this gene set are shown in Table 14 and Table 15 respectively.
	The greatest variation over time was seen for secreted cytokine encoding genes. TNFSF13B was upregulated from 6hpi reaching log2FC of 7.4 at 24hpi and remained around this level until a slight reduction to log2FC 4.9 by 48hpi.  IL-6 was also upregulated at 6hpi followed by an initial drop in upregulation at 12hpi and steady increase until 36h. This is similar to the DE of and IL-1A however, the 6 and 12hpi log2FC reading were not significant for this gene. IL1B and IL23a are only significantly DE at 24 and 36hpi, IL7, and IL12a are only minimally upregulated by H1N1 at all time-points. MHC encoding genes (HLA-A, HLA-E, HLA-G and B2M) were minimally upregulated between 18 and 48h with log2FC between 1 and 3. CD274 was the only surface bound marker DE at 6hpi, and expression of this gene remains upregulated until the end of infection, with the strongest magnitude of DE for this category. Finally, CD83 was also slightly upregulated between 6 and 12h but reaches more substantial levels at 18-36h time points while CD55 is mildly upregulated at consistent levels throughout the infection.
	/
	Table 14 GSE47961 H1N1 Time-matched differential expression results for the PBEC - T cell activation cytokine gene set
	48h
	H1N1 
	36h
	H1N1 
	24h
	H1N1 
	18h
	H1N1 
	12h
	H1N1 
	6h
	H1N1 
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	1.17E-25
	4.945
	1.88E-33
	6.743
	2.50E-35
	7.269
	1.59E-32
	7.441
	9.40E-31
	6.107
	1.03E-21
	4.190
	TNFSF13B
	9.19E-01
	-0.086
	2.54E-13
	3.834
	9.19E-14
	3.928
	1.21E-05
	2.361
	3.42E-01
	0.537
	1.38E-01
	1.022
	IL1A
	6.02E-19
	3.971
	1.73E-24
	5.034
	7.16E-19
	3.845
	1.31E-10
	2.748
	1.25E-02
	0.909
	4.07E-12
	2.787
	IL6
	5.56E-01
	-0.583
	2.25E-08
	4.152
	4.12E-06
	3.287
	1.47E-01
	1.299
	7.72E-01
	-0.310
	7.74E-01
	0.623
	IL1B
	3.76E-11
	1.740
	1.59E-17
	2.471
	4.96E-20
	2.799
	2.65E-15
	2.531
	1.10E-13
	2.055
	1.95E-05
	1.131
	LGALS9
	7.32E-01
	0.136
	1.14E-24
	3.747
	1.98E-14
	2.230
	2.91E-02
	-0.651
	8.74E-07
	-1.324
	4.51E-01
	-0.373
	IL23A
	6.16E-07
	1.052
	8.97E-14
	1.716
	1.79E-16
	1.997
	1.60E-11
	1.725
	1.27E-12
	1.653
	1.33E-03
	0.757
	IL7
	4.27E-01
	0.245
	1.63E-08
	1.400
	5.64E-12
	1.809
	4.30E-10
	1.848
	5.65E-07
	1.277
	8.60E-03
	0.771
	IL12A
	Genes encoding secreted cytokines DE by H1N1 infection at all time points. Values are arranged by descending log2 fold change (log2FC) at 24hpi. All fold change values are calculated for infected samples relative to time matched uninfected controls. Adjusted P values (FDR, were shaded using a 3-point scale, yellow = < 0.05
	Table 15 GSE47961 H1N1 Time matched differential expression results for the PBEC - T cell activation surface bound gene set
	48h
	H1N1 
	36h
	H1N1 
	H1N1 24h
	18h
	H1N1 
	12h
	H1N1 
	6h
	H1N1 
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	1.23E-14
	2.262
	2.92E-29
	4.440
	5.63E-30
	4.558
	4.28E-28
	4.834
	5.85E-25
	3.735
	1.19E-14
	2.315
	CD274
	4.11E-01
	-0.259
	1.03E-18
	2.754
	1.00E-25
	3.816
	6.01E-15
	2.602
	1.11E-02
	0.665
	2.16E-03
	0.892
	CD83
	3.54E-22
	3.172
	9.89E-29
	3.958
	2.20E-25
	3.180
	3.47E-19
	2.748
	6.31E-09
	1.369
	1.25E-03
	0.844
	CEACAM1
	6.17E-01
	-0.187
	4.34E-18
	2.829
	7.48E-19
	2.934
	3.42E-08
	1.736
	1.21E-03
	0.887
	4.19E-02
	0.708
	VCAM1
	9.28E-04
	2.053
	6.67E-05
	2.147
	2.21E-05
	2.054
	1.15E-02
	1.711
	1.43E-01
	0.975
	1.29E-02
	1.448
	CD55
	8.88E-09
	2.066
	1.13E-12
	2.205
	3.24E-08
	2.017
	6.12E-05
	1.974
	2.75E-04
	1.698
	6.24E-02
	1.195
	B2M
	8.73E-16
	2.157
	5.20E-16
	2.301
	1.27E-12
	1.807
	4.23E-09
	1.582
	4.76E-04
	0.891
	2.10E-01
	0.373
	HLA-E
	3.47E-13
	2.329
	1.27E-13
	2.397
	1.67E-09
	1.763
	3.85E-06
	1.457
	2.74E-02
	0.641
	6.20E-01
	0.262
	HLA-A
	1.05E-02
	0.745
	1.31E-07
	1.673
	1.36E-13
	1.712
	6.70E-07
	1.329
	1.38E-03
	0.684
	4.76E-01
	0.285
	CD47
	7.57E-02
	0.230
	8.16E-19
	1.333
	4.37E-24
	1.709
	1.49E-16
	1.366
	2.62E-06
	0.591
	7.49E-01
	0.110
	PDCD1LG2
	1.84E-03
	0.883
	8.80E-08
	1.307
	3.18E-11
	1.483
	2.50E-05
	1.155
	2.18E-01
	0.567
	2.74E-01
	0.408
	HLA-G
	9.10E-01
	0.053
	2.50E-06
	1.246
	8.52E-06
	1.162
	6.61E-01
	0.181
	9.25E-01
	-0.041
	9.87E-01
	0.024
	CD200
	Genes encoding surface bond receptors relating to T cell activation were DE by H1N1 infection at all time points. Values are arranged by descending log2 fold change (log2FC) at 24hpi. All fold change values are calculated for infected samples relative to time matched uninfected controls. 
	Adjusted P values (FDR), were shaded using a 3 point scale: Yellow > 0.05, Green: 0.05 – 1E-10,    Purple: 1E-10 – 1E-40
	Although SARS-CoV1 did not result in significant enrichment of T cell terms, there were genes with roles in these pathways DE by this virus. None were unique to SARS-CoV1, however, SARS-CoV1 infection did have an impact on several genes from the H1N1 PBEC – T cell signature. Despite not being mapped to “T cell migration” during the clusterProfiler ORA, both CXCL10 and CXCL11 were significantly DE by SARS-CoV1, again, being among the most highly upregulated by this virus reaching log2FC 5.6 and 5.1 respectively at 72hpi. As no other genes from “T cell migration” were DE by SARS-CoV1, CXCL10 and CXCL11 have been included with “T cell activation” for presentation here as a heatmap Figure 323, and log2FC values and adjusted P values for time matched DE analysis Table 16. CXCL10 and CXCL11 were expressed with the cluster 4 maSigPro pattern as well as MHC encoding genes (HLA-E, HLA-A and B2M), LGALS9 and TNFSF13B. The HLA genes however were not DE with any significance. HLA-A was the only gene from this family to exceed log2FC 1 and only did so at 84hpi. Similarly, LGALS9 is DE with log2FC 1.2 at 72 and 84hpi only while TNFSF13B is upregulated at 48h and remains so throughout infection but with DE reaching a maximum of 3.2 log2FC at 84hpi.
	/ 
	Table 16 GSE47961 SARS-CoV1 Differential expression results for the PBEC - T Cell recruitment/activation gene set
	96h
	SARS1 
	84h
	SARS1 
	72h
	SARS1
	60h
	SARS1
	48h
	SARS1 
	24h
	SARS1 
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	1.80E-09
	2.865
	1.34E-18
	4.735
	1.85E-22
	5.683
	9.61E-21
	5.395
	1.45E-14
	3.995
	9.49E-01
	-0.273
	CXCL10
	2.66E-11
	3.188
	2.51E-19
	4.861
	1.99E-20
	5.156
	1.00E-15
	4.326
	1.48E-11
	3.336
	9.73E-01
	-0.108
	CXCL11
	3.41E-15
	3.422
	1.68E-13
	3.087
	2.45E-21
	4.574
	1.54E-11
	2.799
	7.40E-09
	2.363
	2.20E-03
	1.507
	IL6
	6.81E-07
	1.823
	5.17E-16
	3.227
	1.08E-12
	2.688
	1.33E-09
	2.252
	9.10E-06
	1.652
	9.97E-01
	0.065
	TNFSF13B
	2.16E-01
	1.064
	1.44E-01
	1.078
	1.83E-03
	1.944
	2.12E-01
	1.264
	3.90E-03
	1.425
	1.68E-02
	1.465
	CD55
	1.38E-02
	0.803
	2.37E-05
	1.156
	1.20E-05
	1.192
	5.49E-01
	0.373
	6.03E-01
	-0.213
	9.97E-01
	0.045
	LGALS9
	9.47E-03
	0.913
	8.24E-04
	1.043
	2.26E-01
	0.495
	9.99E-01
	-0.035
	7.30E-01
	-0.135
	8.50E-01
	-0.218
	HLA-A
	/
	Most cytokine encoding genes from the H1N1 T cell activation signature were not significantly DE by SARS-CoV1. Only IL6 was DE by SARS-CoV1 in the time-matched analysis. This gene was expressed with the cluster 6 expression pattern and was upregulated log2FC 1.5 at the earliest 24h time point and reached a maximum upregulation of log2FC 4.6 at 72hpi. The GSE47961 PBEC – T cell gene signature was comprised of 27 genes, 5 of which were not identified from the GSE32138 analysis: TNFSF13B, IL7, CD55, PDCD1LG2 and CXCL16. All genes were identified from the H1N1 analysis; only 7 genes were also DE by SARS-CoV1 at the chosen thresholds (log1FC>1, FDR < 0.05) with no additional genes specific to SARS-CoV1 infection. 
	Combining unique genes from both data sets produced a final PBEC - T cell gene signature comprised of 41 genes with mixed expression in response to each virus. The GSE47961 time-points which produced the most DE were chosen for comparison with the GSE32138 arrays. For H1N1 this was 24hpi, for SARS-CoV1 this was 72 and 84hpi. H1N1 48h arrays were also included to provide time matched comparison with RSV. SARS-CoV1 24 and 48h arrays were not included due to the lack of DE at these time points. Normalised expression data for these samples were combined and plotted as a single heatmap (Figure 324). In this plot, columns were clustered using wards algorithm to determine the natural grouping of the data. Most arrays clustered by treatment group with some overlap between the two SARS-CoV1 time points. As with previous results, data from pairwise DE analysis for these genes are included as tables for each sub category: PBEC- T cell recruitment Table 17, PBEC – T cell activation cytokines Table 18 and PBEC – T cell activation surface molecules Table 19. 
	Clustering of the data by sample identified strong similarity between the H3N2 and H1N1 24h IAV infections which were grouped together and away from the other arrays.  Both infections resulted in near identical upregulation of chemokine genes CXCL10, CXCL11, CCL5, and CXCL16 at 24hpi, while CCL20 and CCL2 were more abuntantly upregulated by H3N2 . Genes encoding several surface bound T cell activating proteins were also comparably expressed by both strains of IAV at 24h, particularly the HLA genes which were also similarly weakly upregulated by RSV. H3N2 caused greater upregulation of  CD274, CEACAM1, CD200, CD70, PDCD1LG2 and to a lesser extent CD276 than H1N1. Secreteted cytokine DE was even more varied with H3N2 resulting in particularly high upregulation of IL6, IL1A, IL1B, TNF and IL23A compared to H1N1.RSV caused DE of only , IL6, TNFSS13B, LGALS9 and IL15 from the cytokine subset of this signature. These genes were also DE by SARS-CoV1 at 72hpi and, with the exceptioon of IL6, to similarly low levels by each virus. The response to RSV and H1N1 at 48hpi, were also fairly similar in that by this time point, H1N1 infection has a comparably weak impact on most genes discussed.
	/
	Figure 324 PBEC - T cell gene signature is strongly expressed in response to IAV but less so in response to RSV or SARS-CoV1 
	/
	Table 17 PBEC-T cell Recruitment gene expression in response to all four viruses
	84h
	SARS1 
	72h
	SARS1 
	48h
	H1N1 
	24h
	H1N1 
	24h
	H3N2 
	48h
	RSV 
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	2.51E-19
	4.861
	1.99E-20
	5.156
	2.75E-32
	8.436
	9.86E-40
	11.343
	1.95E-16
	12.087
	3.44E-12
	6.800
	CXCL11
	1.34E-18
	4.735
	1.85E-22
	5.683
	5.51E-28
	7.075
	3.81E-40
	11.449
	3.35E-17
	11.973
	1.62E-14
	7.601
	CXCL10
	8.12E-03
	0.968
	1.87E-03
	1.086
	9.26E-18
	3.089
	5.67E-37
	7.033
	8.13E-16
	8.905
	2.50E-11
	4.009
	CCL5
	3.98E-01
	0.525
	9.97E-01
	-0.039
	4.07E-03
	0.940
	1.28E-09
	2.021
	1.47E-11
	8.227
	9.39E-01
	0.054
	CCL3
	2.09E-01
	0.833
	5.00E-02
	1.098
	1.94E-03
	1.227
	8.91E-13
	3.071
	5.55E-09
	6.527
	1.44E-03
	2.434
	CCL20
	9.80E-01
	0.024
	7.90E-01
	0.276
	1.51E-14
	-2.209
	3.11E-15
	2.228
	1.14E-08
	6.488
	9.52E-01
	-0.060
	CCL2
	7.69E-01
	0.167
	9.68E-01
	0.109
	5.05E-06
	1.034
	4.32E-10
	1.448
	9.11E-10
	1.947
	1.07E-01
	0.282
	CXCL16
	/Table 18 PBEC - T cell activation, cytokine gene expression in response to all four viruses
	84h
	SARS1 
	72h
	SARS1 
	48h
	H1N1 
	24h
	H1N1 
	24h
	H3N2 
	48h
	RSV 
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	1.68E-13
	3.087
	2.45E-21
	4.574
	6.02E-19
	3.971
	7.16E-19
	3.845
	1.02E-14
	10.482
	1.42E-03
	1.213
	IL6
	4.63E-01
	0.695
	7.13E-01
	0.612
	9.19E-01
	-0.086
	9.19E-14
	3.928
	2.89E-16
	8.875
	1.08E-02
	0.556
	IL1A
	6.68E-01
	0.720
	9.48E-01
	0.455
	5.56E-01
	-0.583
	4.12E-06
	3.287
	4.50E-14
	8.584
	7.01E-01
	0.146
	IL1B
	4.74E-01
	0.448
	4.65E-01
	0.449
	6.81E-01
	0.149
	2.10E-17
	2.461
	3.03E-14
	7.109
	8.24E-01
	0.361
	TNF
	3.92E-01
	0.423
	9.00E-01
	0.222
	7.32E-01
	0.136
	1.98E-14
	2.230
	7.08E-15
	7.090
	3.76E-02
	0.470
	IL23A
	8.69E-01
	3.227
	1.08E-12
	2.688
	1.17E-25
	4.945
	2.50E-35
	7.269
	2.73E-15
	6.843
	4.26E-13
	4.880
	TNFSF13B
	5.17E-16
	0.141
	9.61E-01
	-0.153
	9.39E-01
	-0.040
	3.96E-05
	1.139
	1.10E-07
	2.734
	9.03E-01
	0.062
	TSLP
	8.12E-01
	0.383
	7.47E-01
	0.728
	6.76E-05
	2.391
	6.42E-04
	1.941
	3.31E-06
	2.633
	6.49E-01
	0.255
	IL33
	2.37E-05
	1.156
	1.20E-05
	1.192
	3.76E-11
	1.740
	4.96E-20
	2.799
	5.61E-05
	2.534
	6.38E-04
	2.377
	LGALS9
	6.40E-01
	0.255
	9.28E-01
	0.183
	4.27E-01
	0.245
	5.64E-12
	1.809
	2.09E-09
	2.011
	1.34E-01
	0.291
	IL12A
	7.82E-03
	0.564
	8.96E-01
	0.146
	4.22E-03
	0.486
	4.48E-14
	1.420
	5.33E-10
	1.737
	1.42E-07
	1.313
	IL15
	9.77E-01
	-0.037
	9.38E-01
	-0.356
	6.45E-04
	-2.041
	6.76E-01
	-0.272
	7.58E-05
	1.604
	6.67E-01
	0.200
	LGALS1
	5.08E-03
	1.049
	9.14E-01
	0.242
	3.62E-01
	0.336
	7.59E-01
	0.114
	1.44E-04
	1.529
	8.55E-01
	-0.096
	IL12B
	8.65E-01
	0.051
	9.61E-01
	0.055
	9.90E-01
	0.003
	2.88E-01
	0.115
	9.88E-05
	1.088
	9.97E-01
	0.001
	IL4
	9.93E-01
	0.005
	9.98E-01
	0.015
	2.96E-02
	0.308
	4.70E-02
	0.264
	3.24E-05
	1.065
	9.48E-01
	-0.022
	IL18
	3.33E-01
	0.371
	9.74E-01
	0.092
	6.16E-07
	1.052
	1.79E-16
	1.997
	2.89E-03
	0.988
	3.37E-02
	0.794
	IL7
	/
	Table 19 PBEC - T cell activation, surface bound, gene expression in response to all four viruses
	/
	84h
	SARS1 
	72h
	SARS1 
	48h
	H1N1 
	24h
	H1N1 
	24h
	H3N2 
	24h
	RSV 
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	FDR
	Log2FC
	SYMBOL
	4.09E-05
	1.175
	1.68E-04
	1.093
	1.23E-14
	2.262
	5.63E-30
	4.558
	5.03E-12
	6.221
	3.94E-05
	1.904
	CD274
	1.54E-04
	0.987
	1.43E-04
	0.842
	3.54E-22
	3.172
	2.20E-25
	3.180
	3.46E-13
	5.742
	2.61E-08
	2.870
	CEACAM1
	3.24E-01
	0.460
	2.16E-01
	0.549
	4.11E-01
	-0.259
	1.00E-25
	3.816
	2.59E-10
	5.143
	1.99E-02
	0.988
	CD83
	9.22E-01
	0.086
	9.38E-01
	0.184
	9.10E-01
	0.053
	8.52E-06
	1.162
	3.13E-09
	3.397
	7.52E-01
	0.131
	CD200
	7.94E-01
	0.171
	9.94E-01
	0.043
	1.34E-02
	-0.627
	2.74E-04
	0.863
	1.22E-10
	3.223
	2.42E-06
	1.696
	CD70
	4.00E-01
	0.196
	9.74E-01
	0.052
	7.57E-02
	0.230
	4.37E-24
	1.709
	5.88E-11
	3.107
	6.30E-03
	0.638
	PDCD1LG2
	9.71E-04
	0.827
	3.61E-01
	0.558
	8.88E-09
	2.066
	3.24E-08
	2.017
	3.88E-04
	2.908
	4.53E-05
	1.259
	B2M
	1.44E-01
	1.078
	1.83E-03
	1.944
	9.28E-04
	2.053
	2.21E-05
	2.054
	8.98E-05
	2.873
	5.59E-01
	1.529
	CD55
	5.72E-01
	0.342
	3.14E-01
	0.397
	1.84E-03
	0.883
	3.18E-11
	1.483
	1.45E-03
	2.571
	4.21E-03
	2.427
	HLA-G
	3.51E-01
	0.379
	4.86E-01
	0.361
	1.05E-02
	0.745
	1.36E-13
	1.712
	8.10E-08
	2.045
	8.94E-03
	1.415
	CD47
	1.80E-10
	1.217
	4.07E-04
	0.697
	8.41E-24
	2.636
	2.52E-21
	2.399
	1.79E-08
	1.843
	4.61E-09
	1.909
	HLA-F
	6.83E-04
	0.910
	1.50E-01
	0.484
	8.73E-16
	2.157
	1.27E-12
	1.807
	1.50E-05
	1.444
	4.79E-05
	1.782
	HLA-E
	8.24E-04
	1.043
	2.26E-01
	0.495
	3.47E-13
	2.329
	1.67E-09
	1.763
	2.08E-08
	1.429
	7.39E-09
	1.883
	HLA-A
	2.04E-06
	1.159
	5.23E-03
	0.726
	2.25E-15
	2.208
	7.51E-11
	1.678
	2.57E-07
	1.179
	1.24E-07
	1.251
	HLA-B
	3.81E-01
	0.347
	9.90E-01
	0.045
	1.78E-02
	0.495
	5.92E-02
	0.366
	4.02E-05
	1.141
	9.43E-01
	0.349
	CD276
	9.05E-01
	0.081
	9.96E-01
	0.029
	8.16E-01
	-0.087
	3.22E-02
	0.509
	4.81E-02
	-0.678
	1.18E-02
	1.236
	HLA-DPA1
	This chapter explored transcriptomic changes induced by four respiratory viruses, H3N2, RSV, H1N1 and SARS-CoV1, in ALI models of airway infection. There were considerable differences in the number of genes DE by each virus as well as both similarities and differences in the biological processes influenced by each infection. Genome wide DE analysis identified significant enrichment of immune system related pathways in genes upregulated by all four viruses. Genes relating to innate responses such IFN stimulated genes, were significantly DE by each virus to broadly similar extents. These antiviral gene pathways dominated the response generated by SARS-CoV1 and RSV and made up the bulk of the relatively small number of genes DE by these viruses. Both H1N1 and H3N2 produced a considerably stronger and more varied transcriptomic response with many more cytokine encoding genes upregulated by each virus than was seen for RSV or SARS-CoV1. IFN inducible gene expression was broadly similar but the overall transcriptomic response to H1N1 and H3N2 was more varied and had a larger effect size than was seen in response to RSV or SARS-CoV1 infection. 
	Exploring the temporal changes in gene expression in response to H1N1 and SARS-CoV1 identified that for H1N1, antiviral gene expression begins immediately with significant DE of genes with roles in antiviral immunity occurring as early as 6h post infection. In contrast, antiviral gene expression begins to occur 48h after SARS-CoV1 infection and required 3 days for many genes to be upregulated.  GO:BP terms relating to the inflammatory response and cytokine expression were significantly enriched in genes DE by H1N1 at slightly later time points, 12-18hpi, and were maintained at peak levels of upregulation between 24 and 36h, while antiviral gene expression declines from a 24h peak until the 48h end of infection.  This clear distinction between immediate and later immune responses was not as evident for SARS-CoV1 infection due to the small number of genes DE by this virus. The small number of genes downregulated by SARS-CoV1 also complicated the comparison with H1N1 as a temporal profile of gene inhibition could not be identified for SARS-CoV1. Looking at only 48hpi downregulation however, there were similarities between both GSE47961 data sets and the H3N2 data. SARS-CoV1 caused downregulation of genes for extracellular matrix proteins and both strains of IAV resulted in downregulation of similar genes with additional enrichment of cilia function and formation related GO:BP terms. For H1N1, these pathways remained consistently downregulated from 24hpi until the 48h end pint. This may point towards loss of apical cilia during infection that was not seen in response to RSV and was less pronounced in response to SARS-CoV1. A similar study utilising ALI differentiated primary airway cells reported that H3N2 resulted in large-scale ciliated cell destruction that did not occur in response to other viruses (5 subtypes of Rhinovirus (RV), RSV-B and HCoV-OC43) (118). Biological process terms such as “regulation of metabolic process” were also downregulated by both viruses, however in response to H1N1, expression levels for genes from these terms return to baseline by 48hpi, suggesting a recovery of cellular metabolic functions. 
	With only a single time point provided for arrays in the GSE32138 data set, the temporal dynamics of H3N2 and RSV could not be explored here. The data from this 24h H3N2 infection was similar to the H1N1 arrays from the same timepoint despite a 50% lower initial viral load with H3N2 infected at an MOI of 1 and H1N1 an MOI of 2. While the variations in NA and HA which define the IAV subtypes can impact infection, the replication kinetics of different isolates of H1N1 and H3N2 virus have been shown to be broadly similar during in vitro infection of differentiated human bronchial epithelial cells (119). Using an in vivo infection model of the ferret lung (120), different isolates of H3N2 produced comparable infection of nasal turbinates but only the H3N2 (A/Udorn/307/1972) virus, also used in the GSE32138 dataset, was able to efficiently replicate in the lower airways. As the models used here utilised only upper airway cultures, it is possible that affinity for infection was comparable between these viruses.  
	Both strains of IAV also resulted in stronger upregulation of type III IFNS than Type I, supporting research in which type III IFNs are produced at higher levels and during longer times in the lung than type I IFNs during influenza virus infection (62). GSE32138 RSV also preferentially induced type III IFN expression but to a much lesser extent than the IAV strains. This may reflect the biological reality, for example nasal washes from RSV infected infants contain hardly any IFN-α and IFN –β in comparison to samples from other viral infections, including IAV (121). However, the 48h incubation period may also have been suboptimal as RSV is thought to replicate relatively slowly, reaching peak concentrations 4 days into culture, possibly  due to slower spreading between cells (122). It is also possible that the low IFN expression seen response to infection are an indication inhibited IRF signalling due to virial evasion strategies. For example, the non-structural proteins of IAV (IAV-NS1) prevent the activation of several ISGs and the nuclear translocation of NF-κB and IRF3, preventing IFN production, while RSV-NS1 and NS2 suppress both the production and signalling of type I and III IFNs (123,124).  In experiments with A549, 293T, and HEp-2 human epithelial cells, in vitro infection with RSV-A2 or various clinical isolates, failed to induce IFN-a production beyond the levels seen in mock infected controls. The authors also demonstrated that RSV infection supressed ongoing type I IFN signalling when administered to cells following stimulation with a TLR9 agonist. 
	Relatively weak innate immune induction has also been seen for several strains of CoV, suggesting an ability to remain undetected by innate immune sensors. One study using an ALI infection model demonstrated that cultures infected with SARS-CoV-2 exhibited the lowest expression of 3 ISGs when compared with those infected by IAV or RSV (125). Additionally, the Nsp3 protein from pandemic CoVs inhibits IFNB production following TLR7 activation and Nsp1 proteins can severely inhibit host protein translation, including IFNs, via interaction with the 40S ribosomal subunit (121). 
	The PBEC – T cell gene signature developed from this project aimed to compare biologically relevant gene expression across viral groups.  Many genes within T cell related biological process terms were not relevant to PBEC biology instead describing pathways such as TCR expression. To develop the PBEC – T cell signature, genes within these terms which were DE by each virus were selected based on whether their products are expressed by airway epithelial cells and able to interact with T cells. Chemokine encoding gene expression has perhaps the most direct impact on immune cell regulation by airway epithelial cells. However, for most chemokines there are multiple possible target receptors expressed by a range of leukocytes, complicating the interpretation of these findings. 
	All viruses produced strong induction of CXCL10 and CXCL11, chemokines which bind to and activate the receptor CXCR3 expressed on the surface of monocytes, T cells and NK cells. CXCL11 is considered the most potent activator of CXCR3 and induces trans-epithelial migration of T cells. Both chemokines however are associated with Th1 primed T cell responses. CCL5, CCL4 and CCL3 are all ligands for CCR5, while CCL20 interacts with CCR6.  CCL3 and CCL20 were expressed to different extents by the viruses discussed in this project, showing greatest upregulation by H3N2. CCL20 is the sole ligand for the chemokine receptor CCR6, selectively expressed on immature DCs as well as B cells and subsets of CD4+ T cells including effector memory, Th17 and Treg cells (126). A study using CCR6-/- mice found defective DC recruitment following infection with RSV as well as reduced lung pathology (127). The CCR6 deficient mice were also better able to clear infection and exhibited a Th1 dominant immune response in contrast to the mixed Th1/Th2 T cell response by WT mice.  The relatively week expression of this cytokine in response to SARS-CoV2 infection may point to excessive Th1 driven responses. CCL3 is chemotactic for both T cells and NK cells. This chemokine has been linked to RSV induced pathology in a murine study using CCL3 knockout mice (128). The authors found that CCL3 regulates T cell populations with CCL3 inhibition resulting in higher numbers of RSV-specific pro-inflammatory T cells being recruited to the lung.  
	The expression of cytokine encoding genes from the PBEC-T cell signature also differed quite considerably between viruses, especially concerning IL6, IL23A and IL1B. In addition to showing stronger induction by the IAV strains, these genes were also differently upregulated by H1N1 and H3N2, with the latter showing stronger induction.  IL6 was upregulated with a 10.5 log2 fold change by H3N2 but only log2FC 3.8 by H1N1 at the same 24h time point. Neither RSV nor SARS-CoV1 infection resulted in differential expression of IL1B or IL23A and RSV also had no impact on IL6. SARS-CoV1 actually resulted in IL6 upregulation at 72h which was stronger than that seen for H1N1 at 24h. No other gene from the T cell activation signature was upregulated by SARS-CoV1 to his extent. Interestingly, high levels of IL-6 have been linked to patient decline in COVID-19 with anti-IL6 drug Tocilizumab licenced for treatment (129).  
	These cytokines have numerous roles in the immune response but may be key drivers of Th2 type responses. IL23A encodes a subunit of the heterodimeric cytokine IL-23 which is associated with Th17 differentiation and maintenance, most efficiently in conjunction with IL-1β. IL-6, has also been linked to Th17 development through induction of IL-21. When considered alongside the differences in CCL20, this pattern suggests that H3N2 in particular might induce stronger Th17 differentiation and recruitment than the other viruses.  Interestingly, cytokines (IL-6 and CXCL8) released from SARS-CoV1 infected ALI differentiated Calu-3 cells have been shown impair DC and macrophage activation and priming of naïve CD4+ T cells (130). As in this project, the authors also reported a delay in cytokine production with IL6 not becoming significantly distinct form controls until 4 days post infection, despite infectious SARS-CoV1 progeny reaching a maximum after 2 days.
	There was more similarity between viruses for many of the surface bound molecules identified in this analysis. Antigen presentation via MHC receptors is a key mechanism by which airway epithelial cells might influence T cells. In this work however, no viruses caused substantial DE of HLA genes and there were no significant differences between the four viruses.  CD83 was most induced by H3N2 infection and not upregulated by RSV or strongly induced by SARS-CoV1. This gene encodes a surface receptor most commonly associated with dendritic cells, however a soluble form of the encoded protein has recently been shown to suppress antigen‐specific Th2 response in the nasal mucosa (131).  CEACAM1 and CD274 point to regulation of CD8+ T cell activation and inhibition and were also most prominently upregulated by H3N2 with minimal DE by RSV or SARS-CoV1. The product of CD274 (PDL-1) is a central component of CTL inhibitory signalling via PD-1. Interactions between PDL-1 and PD-1 may contribute to the functional inactivation of virus-specific CD8+ T cells during chronic viral infection (132). CD274 is upregulated immediately by H1N1 but with greatest magnitude by H3N2 and is only minimally DE by both RSV and SARS-CoV1 (at 72h).  CEACAM1 encodes a transmembrane protein expressed by epithelial cells at mucosal sites as well as some immune cells (126). It functions as an attachment molecule for bacteria and the two identified isoforms of the transmembrane CEACAM1 domain have been described to either activate T cells and induce Treg formation or inhibit activated T-cell function. CEACAM1 may be essential for CD8+ T cell activation as the absence of CEACAM1 on virus-specific CD8+ T cells limits the antiviral CD8+ T cell response in both in vivo murine lymphocytic choriomeningitis virus (LCMV) infection and human Peripheral Blood Mononuclear Cells (PBMC) (133). CEACAM1 can be activated by contact with other CEACAM1 molecules so a role for direct epithelial – T cell activation is an interesting possibility. 
	The similarities seen for both strains of IAV despite the experimental work being performed by different researchers, using different PBEC and different strains of IAV, supports the validity of comparing DE across these data sets. The use of the same microarray platform in each data set improved the direct comparability however, this work could benefit from using additional methods of meta-analysis in which the data are combined prior to shared normalisation and DE analysis. Despite this, the work presented here provides an interesting comparison of these four common respiratory viruses. 
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	4.5 Discussion

	Most RSV infection models in the literature utilise immortalised cell lines such as VERO-E6 or Hep-2 cells in 2D cultures. However, 2D models cannot represent the airway architecture beyond the responses of a single cell type and frequently lack comparable viral entry receptor expression. Immortalised cell lines are also distinct from primary cells and may show greater susceptibility to viral infection which does not reflect biological reality. Well differentiated airway epithelial cell models re-create several aspects of the in vivo airway including pseudostratified epithelium, cilia beating and mucus production. Human primary bronchial epithelial cells (PBEC) are not always available and are prone to donor related variability. A secondary goal of this work was to establish an RSV ALI infection model using the recently developed immortalized human airway basal cell line BCi-NS1.1. These cells retain characteristics of the originating primary cells over long-term culture. Importantly, they show multipotent differentiation capacity producing ciliated epithelial cells as well as goblet cells in ALI culture. If successful, this model would combine the biological validity of a polarised epithelial cell model with the consistency of a cell line.  
	The viability of laboratory strain RSV-A2 was confirmed using the known RSV permissive cell line VeroE6. This was followed by imaging of RSV infection in monolayer cultures of BCi cells prior to ALI culture infections.  In the 3D models, cells from both the large and small airways were used with a view to identifying differences in response to RSV. Successful modelling of both airway compartments using this model would offer important insight into the pathology of RSV.  No studies have been found that demonstrate RSV infection in ALI cultures of the large airway BCi cell line or the small airway BCi.  For this project, RSV infection was carried out with a 72h maximum post infection incubation period. The protocol used was based on previous work using this BCi model for IAV infection as well as studies showing that RSV has a slower rate of growth than IAV both clinically and in vitro (122). This chapter describes the steps taken to fulfil these goals and complete aims 1-2 of this project.
	Initial work with monolayer cultures of VERO cells was able to show viability of the new RSV-A2 strain. The first plaque assay (Figure 41) showed complete cell death in response to the first and second serial dilutions of RSV containing 3.5x105 and 1.75x105 PFU of virus.  The amount of cell lysis reduces with decreasing viral concentration however, there was no point at which defined plaques, regions of cell death constrained to discreet foci, were visible. RSV produces relatively small plaques in contrast to other viruses. This may be a factor here however, the lowest concentrations of virus D4 (4.37x104 PFU) and D5 (2.18x104 PFU) offer the best possibility of observing plaque formation or the presence of multinucleated cells (syncytia) which would be a more definitive indication of cytopathic effect (CPE) 
	/. 
	Figure 41 VERO cell monolayers were highly susceptible to cell lysis following infection with serial dilutions of RSV-A2.
	VERO E6 cells were grown to confluence on 12 well plates before infection with 2-fold serial dilutions of RSV. An overlay consisting of 0.3% agarose was added to the cells after a 2h infection period to prevent viral movement through the supernatant. Restricting spread to cell-to-cell contact encourages plaque formation as infected cells lyse. RSV produces relatively small plaques in VERO cells however, it is unlikely that plaque formation happened here. There was considerable cell death at the highest concentration D1 and D2 dilutions as well as substantial cell death in D3 and D4 infected cells. Calculated PFU for each 2-fold serial dilution of RSV-A2 are included in the accompanying table.
	Broad cell lysis could be explained by inadequate restriction of viral movement using the 0.3% agarose overlay. The experiment was therefore repeated using only the D4 and D5 serial dilutions with overlays consisting of 0.5% agarose or Avicel (microcrystalline cellulose) to increase the likelihood of plaque formation. Widespread lysis was not observed in this experiment and small defined plaques were visible in all infected wells, most clearly in wells with Avicel overlay and the D5 RSV-A2 dilution (Figure 42 Arrow). Clumps of apoptotic cells and multi nucleated giant cells (syncytia) were visible throughout the infected VERO cell monolayer (Figure 42 B Circle). 
	/
	Figure 42. Low concentrations of RSV-A2 resulted in defined plaque formation in VERO cell monolayers using Avicel overlay medium.
	/
	Based on this plaque assay, RSV-A2 was used at the 3rd, 4th, and 5th serial dilutions, 8.75x104, 4.37x104 and 2.18x104 PFU respectively, per well for BCi monolayer infection.  Representative images of RSV-G immuno-fluorescent imaging of this infection at 100x and 200x magnification are shown alongside an uninfected sample at 100x magnification in Figure 43.  
	RSV-G was primarily detected in groups of cells along the edges of gaps in the cell monolayer. There was no visible difference in the number of cells staining positive for RSV-G with each concentration of virus. At 200x magnification some groups of cells are surrounded by the same RSV-G covered cell membrane. 
	/
	Figure 43 Immuno-fluorescent staining of RSV-G protein in BCi-NS1.1 2D cultures BCi 2D culture infected with low concentrations of RSV.
	 /
	BCi cells cultured using the ALI method formed a polarised layer of pseudostratified epithelial cells with beating cilia present on the apical surface. H&E staining shows clearly defined cilia at 200x magnification as well as a layer of denser staining cells along the transwell membrane suggestive of basal cells (Figure 44 A). TEER readings taken every 2 days following removal of the apical media show increasing membrane resistance as the cells differentiated. This is reported as Ohms*CM2 in Figure 44 B, calculated by multiplying the sample resistance of replicate wells by the surface area of the transwell membrane (0.33cm2). 
	/
	Initial RSV infection in BCi ALI utilised a 72h infection period with a 2.5ul dose of RSV per insert, equivalent to 1.75x105 PFU.  These parameters were based on previous work from the group as well as the relevant literature. Results from PCR analysis of these experiments are shown in Figure 45. The primary endpoint was RSV-N gene amplification over the course of infection, with fold changes calculated for 72hpi relative to 2hpi samples. The four replicate experiments available for analysis of 72h infection resulted in RSV-N fold changes of 0.28, 77.37, 18.07 and 10.57 (Replicates 1,2,3 and 5). A fourth replicate experiment was excluded due to loss of the infected 2hpi baseline sample.  In the third and fifth replicate experiments, additional samples collected at 48hpi show 3.37- and 1.31-fold increases in RSV-N. This variability continued into the CXCL10 analysis with 25.84, 153.14, 97.92, 5.58-fold increase in expression at 72hpi relative to uninfected 2h samples. The fourth experiment resulted in only 2.13-fold increase in CXCL10. Upregulation of CXCL10 also occurred in infected samples at 2hpi as well as in uninfected samples at 72hpi. There was no significant difference between infected samples and uninfected samples at either time point. 
	Figure 45 BCi-ALI RSV-A2 infection resulted in inconsistent RSV-N amplification and CXCL10 expression.
	/ 
	The experiment was repeated using BCi-SA ALI with an additional 5ul (3.5x105 PFU) RSV-A2 infection, the result of qPCR relative expression of RSV-N and CXCL10 for these experiments are shown in Figure 46. These cells were less convincingly infected than the larger airway BCi ALI; RSV-N was mildly increased (2.28-fold) at 72hpi in one replicate 5ul infection relative to 2hpi, however the remaining infections resulted in an overall slight reduction in RSV-N expression. CXCL10 was also not upregulated in these cells at 72hpi relative to 2h controls. There was a slight dose dependent increase in the 2hpi samples, however CXCL10 was not upregulated by approximately 2-fold in both infected and uninfected samples at 72h. 
	Figure 46 SA BCi ALI Do not show changes in RSV-N or CXCL10 expression after 72h RSV-A2 infection.
	/
	Given the more productive, yet inconsistent, infection observed with the large airway BCi-ALI, a repeat experiment was devised with modifications made to the protocol to account for potential sources of error. The HBSS inoculum used previously was replaced with serum free ALI infection media, described in methods, and the inserts were rinsed 5 times in HBSS after the 2h infection period before harvesting the 2h samples. Both modifications were based on a similar experiment from the literature. These experiments also included a 5 point 2-fold serial dilution of RSV-A2 including concentrations higher and lower than the 2.5 and 5ul inoculum used previously. RSV-N and CXCL10 mRNA was then measured as before, with each 72h infected sample compared to dose matched 2hpi baseline samples (RSV-N) or 2h uninfected controls (CXCL10). Results from this analysis are shown in Figure 47.
	There was no difference in RSV-N expression between 72hpi and 2hpi dose matched samples using relative expression calculations. Amplification of RSV-N over the course of infection only occurred in one replicate 5ul RSV infection which produced a 67-fold upregulation of RSV-N over 72h, all other replicates of this RSV-A2 concentration resulted in fold changes between 0.9 and 1.5. The 1.25ul (8.75x1004 PFU) experiments were slightly more consistent yet weakly productive resulting RSV-N upregulation between 1.6 and 6.7-fold.  2.5ul (1.75x1005 PFU) infection resulted in 0.8 and 2.5-fold changes, 10ul (7x1005 PFU) infection between 0.5 and 3.9-fold and 20ul (1.4x1006 PFU) infections between 0.3 and 2.4-fold. There was a dose dependent decrease in RSV-N Ct value in the 2hpi samples, however by 72hpi this distinction is lost.  A similar pattern was seen for CXCL10 expression (Figure 47C), however there was stronger induction of CXCL10 in some samples, despite low RSV-N expression. The highest induction was seen in one replicate of a 5ul RSV-A2 infection. 
	Figure 47 Repeat BCI-ALI RSV-A2 infection using a range of concentrations and modified protocol resulted in less evidence of productive infection
	PBEC have been shown to be permissive to RSV infection in the literature so were used as a final experiment to determine whether the poor infection seen in the BCi ALI was cell type dependent. PBEC obtained from resected lung tissue (TL1831) and enriched with bronchial epithelial cells were initially infected as monolayer cultures and prepared for immuno-fluorescent imaging of RSV-G protein. The same low concentrations of RSV-A2 and infection parameters utilised with BCi monolayers were used for this PBEC infection. Red AF-568 staining was evident over the entire surface of infected PBEC with some nuclei appearing to be covered by the same RSV-G positive membrane. These cells had a less organised appearance and were much larger than the undifferentiated BCi cells. Doubling the concentration of RSV had no noticeable impact on the number of cells with positive staining.  Figure 48 displays representative 200x magnification images of duplicate chamber slide compartments exposed RSV-A2 for 72h as well as an uninfected sample. 
	/
	Figure 48 PBEC monolayer culture RSV-G immuno-fluorescent imaging
	/
	After ALI differentiation, primary cells from the TL1831 sample produced mucus and had beating cilia on the apical surface. TEER reached an average of 450 Ohms.CM2 21 days after airlift at which point the cells were prepared for infection. H&E staining of the TL1831 ALI following infection with RSV-A2 (2.5ul/ insert, (1.75x1005 PFU) shows cilia expression and possible pseudo stratification, however the cell layers are not as defined as the BCi-ALI Figure 49.
	/
	Immuno-fluorescent staining of the same sample identified RSV-G in the cytoplasm of cells focused on the apical surface of the ALI section (Figure 410 B). There is also a cluster of nuclei surrounded by RSV-G staining (Arrow). No red staining was present in another section of the same embedded sample used as a control for non-specific binding of the conjugated secondary antibody Figure 410 A. This sample was exposed to all conditions of the staining protocol with the exception of the RSV-G primary antibody. 
	/
	Figure 410 PBEC ALI RSV-G Immuno-Fluorescent imaging
	Primary bronchial epithelial cells cultured at ALI were infected with RSV-A2(MOI-1) for 2h followed by 72h incubation. Paraffin embedded 5µM sections were stained for RSV-G protein using AF-568 conjugated secondary antibodies (red) and DAPI (nuclei) and TRITC (RSV-G) channels merged to produce image at 200x magnification. A. Primary RSV-G antibody omitted from staining protocol to identify any non-specific secondary antibody binding. B. Fully stained cells.
	Gene expression was explored in two PBEC samples at the time of writing, the TL1831 sample and an additional TL2022 sample which was not enriched with PBEC before culture (described in methods). TL1831 ALI samples exposed to 2.5, 5 and 10ul of RSV for a total incubation period of 72h were prepared for qRT-PCR. An additional sample, TL2022, was exposed to 2.5ul and 5ul of RSV-A2 for the same duration and using the same experimental conditions. These samples differ only in their donor, the gross architecture of the tissue source and steps taken prior to initial cell culture. RSV-N mRNA was increased with all three concentrations of RSV in the TL1831 sample, most prominently in response to 5ul infections (Figure 4-11. A). 
	The highest concentration of RSV-A2, 10ul, produced a relative decrease in RSV-N expression (fold change 17.5) compared to the 2.5ul (fold change 30.84) and 5ul (fold change 60.42) infections.  Transcriptional upregulation of CXCL10 was several hundred times higher in infected samples at 72hpi relative to the 2h uninfected control (Figure 4-11. B & C). RSV-A2 used at 5ul per well produced 895-fold induction of CXCL10 at 72hpi, 2.5ul RSV-A2 resulted in 415-fold upregulation and the highest 10ul RSV-A2 concentration resulted in 666-fold upregulation.  CXCL10 expression also shows a dose dependent increase in the 2hpi samples ranging from 3.6-12.9-fold upregulation in the 2.5, 5 and 10ul RSV-A2 infections respectively. In uninfected samples, CXCL10 was only 4.3-fold higher at 72h relative to 2h.
	TL2022 ALI samples produced more modest 18.36-fold upregulation of RSV-N at 72hpi with 2.5ul infections. This decreases to 11.09-fold upregulation with the more concentrated 5ul infection, however, Ct values for RSV-N were lower for the higher concentration infections at each time point. CXCL10 expression does show a dose dependent increase at 72hpi, with 169.48 and 210.64-fold upregulation for 2.5 and 5ul RSV infection respectively.
	Figure 411 Primary ALI RSV-N and Antiviral gene expression by qPCR
	Primary bronchial epithelial cells cultured at ALI were infected with RSV for 2h followed by a further 70h incubation period. A. Relative expression of RSV-N at 72hpi calculated in reference to matched 2hpi samples. B. CXCL10 expression was calculated relative to 2h uninfected samples. The CXCL10 gene plot used a split y axis to show all data points more clearly. RSV-A2 2.5ul and 5ul infection N=2, RSV-A2 10ul infection n=1.
	This project aimed to explore the use of the BCiNS1.1 basal cell line as an ALI model of RSV infection. These cells have shown good differentiation capacity both in the introductory paper and in this project. Defined and beating cilia were consistently observed on the apical surface within a week of airlift and can be seen in paraffin embedded sections stained with H&E. Despite this, the RSV-A2 infections were not repeatable either across replicate experiments or within an individual plate. The new stocks of RSV-A2 purchased for use in this work appear to be viable as they produced evidence of cytopathic effect and possible syncytia formation in monolayer cultures and RSV-N was amplified over time in some ALI infections. Immuno-fluorescent staining of RSV-A2 infected BCi monolayers showed RSV-G staining coating the entire surface of discreet patches of cells. There was also evidence of multinucleated cells and possible cell lysis. Although additional staining of cellular structures would be needed to confirm, these multinucleated cells could be evidence of syncytia formation which is known to occur during RSV infection in vitro (54).  Undifferentiated BCi are basal cells isolated from the large airways of a healthy non-smoker. Basal cells have been shown to be permissive to RSV infection in vitro (134), and this may occur in the infected lung following damage to overlaying epithelial cell layer. Other immortalised airway epithelial cell monolayer cultures have been infected with RSV and produced similar staining patterns to those shown in this project. Low MOI infection of 2D cultures of the BEAS-2B simian virus 40 (SV40)-transformed bronchial epithelial cell line produced small foci of RSV infection at 48hpi with no visible difference in the number of cells infected with RSV at MOI 0.1 or MOI 0.3 at 24 or 48hpi suggesting that only certain cells are initially infected (135). 
	 While no studies have yet shown RSV infection in BCi ALI cultures, the work conducted in this project suggests that RSV-A2 infection can occur, at least in the large airway BCi cell line. Differences in susceptibility to RSV have been observed in ALI cultures of PBEC from different airway compartments. In one study (54), well differentiated cultures of primary paediatric bronchial epithelial cells were slightly more susceptible to infection than well differentiated nasal cells from the same person.  Another study (136), reported reduced RSV-A2 susceptibility in small airway cells (SmallAir: primary small-airway human airway epithelial cells) than in upper airway cells (MucilAir: primary nasal or bronchial human airway epithelial cells). Both cell types were infected however replication was found to be slower in the small airway cells although cytokine production was comparable. In this project, both CXCL10 and RSV-N were consistently not upregulated in SA-BCi ALI despite the cells initially showing a response to infection with CXCL10 upregulation at 2hpi.
	RSV is thought to preferentially infect ciliated epithelial cells from the apical surface and to enter the cells either by direct fusion with the target cell plasma membrane or via receptor mediated endocytosis. The rate of infection is therefore heavily dependent on expression of viral attachment proteins in the culture model.  Unlike IAV which can utilise NA to spread between cells, a study using well differentiated primary airway epithelial cells from the upper airways suggests that RSV spread between cells occurs at the apical surface and depends on cilia beating to move viral particles through the airway mucus/fluid layer (137).  The cells became more permissive to infection as they differentiated into a ciliated phenotype and infection was limited to ciliated cells even when the cell layer was compromised. The differentiation state of the ALI used in this project was confirmed using TEER and visual confirmation of cilia and mucus production. H&E staining was only conducted on the samples shown however and additional staining of markers of differentiation, such goblet cells or tight junctions, was not carried out.  In the absence of these experiments, it is possible that the variation observed in this work could be due to inadequate differentiation of samples. 
	Increasing the number of apical washes from 2 to 5 could have improved the protocol by ensuring that all unbound RSV was removed prior to 2hpi sample collection and continued incubation of the 72 or 48h samples. Some replicates of each experiment, especially BCi-1 which resulted in a 0.83-fold decrease in RSV-N, did have lower than average RSV-N Ct values in the 2hpi samples. If RSV-A2 was not fully removed at this point it would both artificially reduce the calculated relative expression and could increase the antiviral response of the cells, as measured here by CXCL10, due to prolonged exposure to RSV.  In this case, the dose curve experiment resulted in even poorer evidence of RSV infection; however, it is unclear if this is due to the increased washes or the use of media instead of HBSS for the viral inoculum. In retrospect, the proprietary PneumaCult ALI 10x supplement used in the ALI infection media could contain substances which would inhibit infection when applied with the viral inoculum. 
	The PBEC ALI infections utilised the original protocol and resulted in stronger evidence of RSV infection suggesting that differences in RSV infection are likely cell based.  There was considerably stronger CXCL10 induction in PBEC ALI than in the BCi-ALI in both donor samples as well as more convincing RSV-N amplification, especially in the TL1831 cells. RSV-G protein was also shown coating the surface of apical cells in RSV infected TL1831 ALI. The differences in RSV-N and CXCL10 fold change data between cells from each donor could represent donor variation in RSV susceptibility.  The 2hpi samples from both donors produced a linear decrease of approximately 1 Ct per doubled RSV concentration as would be expected. TL1831 ALI infection resulted doubling of RSV-N and CXCL10 fold changes between 2ul and 5ul infection at 72hpi but a relative reduction in fold change in response to the highest 10ul infection. This could indicate human error during sample or experiment preparation or could indicate decreased cell viability or reduced viral replication with this concentration. Excessive concentrations of RSV have been shown to impair infection due to an elevated number of short interfering particles, defective fragments of RSV which prevent productive replication (138). The TL2022 infections resulted in lower overall fold induction of both RSV-N and CXCL10 than was seen for the TL1831 samples. There was also a decline in RSV-N fold change in response to 5ul RSV infection compared to 2.5ul infection. In this case, there was still a dose dependent increase in the antiviral response of the cells as measured by CXCL10 expression. If these are true findings, the TL2022 samples may be less susceptible to RSV-A2 infection than the TL1381 samples, possibly due to cellular characteristics or differentiation state. TL1831 ALI were generated from a sample containing visible airways which were scraped to enhance the PBEC concentration of the initial cultures. This was not possible for the TL2022 tissue sample which had no visible airway structures. Greater information about the phenotype of these cells would need to be obtained by continuing the imaging experiments to show adequate differentiation as well as entry receptor expression and RSV localisation in the cells.  
	The larger airway BCI ALI show evidence of productive infection in some replicates but poor consistency meant that there were no significant differences in RSV-N or CXCL10 expression between 72hpi and 2h samples overall.  If the ALI model can be optimised to improve consistency, it holds promise as a reliable model of RSV infection. Confirmation of ALI differentiation as well as the health of the cells prior to infection would be a necessary next step to achieve this goal. Whilst TEER is a useful proxy for differentiation, it only measures changes in electrical resistance over the membrane and cannot give an indication of full differentiation or cell viability.  In this work, epithelial barrier integrity stabilises at around day 15 post airlift, and the cells were used for infection at day 21 to day 28. No confirmation of differentiation state beyond that time frame, or evaluation of changes which might occur during the window of infection have been carried out.  In addition to viability, general cell stress could impact the infection results. CXCL10 was used as a measure of antiviral response in these experiments as it is known to be produced early into infection with RSV. However, CXCL10 is also mildly upregulated in uninfected cells over the same time frame. To confirm whether changes in CXCL10 are the result of productive infection, inactive RSV-A2 should be included as an additional control. 
	Chapter 5 Discussion and Future Work
	This project was successfully able to identify differences in T cell related gene expression in response to the viruses discussed, supporting the main hypothesis of this work. However, there were limitations to the conclusions which can be drawn from this work alone. Most importantly, transcriptomics analysis from these culture models cannot provide insight on the wider inflammatory response in the airways. Inflammatory cells will introduce additional signalling molecules in response to those released by the infected epithelium providing feedback which could change the overall presentation in natural infection. Additionally, the PBEC- T cell gene signature identified in this work contains genes with varied functionality. Determining whether their expression in response to each virus will impact T cell signalling from PBEC would require more direct measurement of this interaction. Transcription alone does not always correlate with translation, meaning that the differences identified here could also be lost due to variations in protein expression. With more time, the differences between H1N1 and H3N2 responses would receive more attention. Specifically, the GSE47961 dataset is associated with two other subseries containing additional repeats of the same experiments as well as H1N1 infection at MOI-1. Including these arrays could improve the significance of the findings and add additional information about the impact of MOI on the H1N1 data. Similarly, super series GSE32140, which includes the GSE32138 subseries, contains datasets exploring PBMC responses to RSV and IAV which would also be explored.
	While this was not shown to be reliable by the time of submission, with additional work, the BCi-NS1.1 cell line could be a suitable candidate for RSV infection modelling. ALI differentiated models of infection are increasingly used in the literature however no one has shown BCI-ALI infection with RSV. Future work on this model will need to improve consistency in ALI generation, both in terms of the passage number used for seeding, the length of time between airlift and infection. The former was not possible to control during this project and the latter was maintained within a reasonable window however, as the DE analysis has shown, days can make a big difference in the antiviral and developmental state of ALI differentiated cells.  Additional steps to confirm validity of the model would be to monitor differentiation state more closely, for example through measurement of cilia gene expression or imaging of differentiation markers (cilia, goblet cells, tight junctions). With a stable baseline model, the number, differentiation state and viability of cells per well could be more confidently assumed, allowing for more accurate and repeatable infection using MOI. 
	The design would be further improved by including controls for non-productive infection. CXCL10 qPCR demonstrated that low levels of upregulation occur in uninfected cells as well as infected. While the difference should be considerable with productive infection as seen with the preliminary PBEC work, it would be beneficial to control for non-specific activation of the cells. Non- productive infection may also result in elevated CXCL10. To control for this, UV-inactivated RSV should be included with future efforts to develop the BCi cell line as an RSV infection model.
	Despite its limitations, the comparative transcriptomics analysis did produce a large data set with numerous avenues for further investigation. While this project focused on T cell related functions, with more time, contrasting the differences in metabolic pathway modulation and ECM degradation for example could identify key drivers of lung damage and differences in the dynamics of disease resolution during infection. The differences between H1N1 and H3N2 would be further explored as a priority, Finally, comparing the wider gene expression profiles seen here with data sets generated from human challenge studies could add additional validity to the findings.
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