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Abstract 

Respiratory viruses are the cause of significant disease burden and coinfections 

with more than one virus constitute between 10-30% of viral respiratory infections. 

Interactions among respiratory viruses are recognised for their importance in 

influencing viral dynamics, however direct virus-virus interactions are poorly 

understood. Influenza A virus (IAV) and respiratory syncytial virus (RSV) are 

important respiratory pathogens that share epidemiological characteristics, 

including timing of seasonal peaks of infections, and biological characteristics, 

including cellular tropism within the respiratory tract. 

To characterise interactions between IAV and RSV during coinfection, we 

developed an in vitro model in A549 cells, a cell line derived from the human lung. 

Analysis of viral growth kinetics and viral dynamics by live cell imaging showed that, 

while IAV replication appears unaffected by coinfection with RSV, RSV replication 

is significantly decreased in coinfection. Imaging of coinfected cells stained for IAV 

and RSV nucleoproteins and glycoproteins show that they localise to the same 

regions of the plasma membrane, suggesting there may be opportunity for viral 

interactions during viral assembly. To further explore this hypothesis, virus particles 

budding from coinfected cells were examined using super-resolution confocal 

microscopy. Filamentous structures extended from coinfected cells, that 

incorporated glycoproteins from both viruses in distinct patches along the filament. 

The ultra-structure of these filaments, determined by cryo-electron tomography, 

revealed the formation of chimeric viral particles (CVPs) that contained genomes 

and structural features from both IAV and RSV. Additionally, coinfection by IAV and 

RSV generated pseudotyped RSV filaments that incorporate IAV glycoproteins. 

Functional assays using a sialidase showed that CVPs can facilitate entry of IAV 

into cells that were stripped of IAV entry receptors, demonstrating CVPs possess 

expanded receptor tropism.  

To determine the likelihood for CVP formation in the airway epithelium, we 

coinfected primary differentiated human bronchial epithelial cell (hBEC) cultures at 

air-liquid interface. We observed that IAV and RSV infect ciliated epithelial cells and 

identified foci of coinfection. IAV and RSV proteins both localised at the apical 

surface of coinfected cells, providing opportunity for interactions to occur during viral 

assembly. Additionally, IAV and RSV replication kinetics and cytopathic effect in 
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hBEC cultures reflected trends observed in the in vitro cell model, suggesting that 

viral interactions may be conserved between simplified and representative airway 

models.  

Overall, this project characterises interactions between IAV and RSV during 

coinfection and we show that coinfection by IAV and RSV results in formation of a 

novel class of viral particles. By expanding viral tropism, formation of CVPs may 

alter viral dissemination within the respiratory tract, potentially impacting disease 

outcomes for a coinfected individual. Further, by defining a previously unknown 

source of viral interaction with implications on viral structure, we contribute more 

widely to the understanding of the properties of IAV and RSV, and their infection 

biology as a whole.  
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1.1 The global impact of respiratory viral infections 
 

Respiratory viral infections represent a major ongoing pressure on human public 

health and are the cause of substantial morbidity and mortality worldwide. Acute 

lower respiratory tract infection (ALRI) is the leading cause of mortality in children 

under five years worldwide and many of these cases can be attributed to viral 

infections (GBD 2016 Causes of Death Collaborators et al., 2017). The burden of 

mortality is disproportionally high in low and middle income countries, where lack of 

access to intensive health care facilities and comorbidities are important risk factors 

for severe disease (Geoghegan et al., 2017). In high income countries, respiratory 

infections cause substantial economic losses. A report commissioned by the British 

Lung Foundation estimated that cost of upper and lower respiratory tract infections 

in the United Kingdom (UK) was 1.74 billion GBP in 2014 (Trueman et al., 2014). In 

recent years, the potential of a pandemic influenza outbreak was identified as the 

greatest risk to the population of the UK (United Kingdom Cabinet Office, 2019), 

emphasising the lack of preparedness for dealing with emerging infectious disease, 

in countries of all economic status. This was realized upon the emergence of the 

pandemic severe acute respiratory syndrome virus 2 (SARS-CoV-2). The 

unforeseen magnitude of pandemic has so far resulted in massive global morbidity 

and mortality, as well as severe economic damage due to country-wide lock downs 

(Harari, Keep and Brien, 2020; Pinilla et al., 2021) 

 

1.2 General epidemiology of co-circulating respiratory viruses 

 
A taxonomically diverse range of respiratory viruses co-circulate within human 

populations, including orthomyxoviruses: influenza A (IAV) and B (IBV) viruses; 

picornavirus: human rhinovirus (RV); pneumoviruses: respiratory syncytial virus 

(RSV) and human metapneumovirus (HMPV); pandemic (SARS-CoV-2) and 

seasonal (OC43, NL63 and 229E) coronaviruses (CoV), adenovirus (AdV), and 

paramyxoviruses: parainfluenza viruses 1-4 (PIV). These genetically diverse viruses 

share a common tropism for cells within the human respiratory tract and are all 

transmitted via the respiratory secretions of an infected host through direct contact, 

fomite transmission, formation of respiratory droplets or aerosol transmission 

(Reviewed by [Leung, 2021]).  
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1.2.1 Seasonality of respiratory viral infections  

 
In temperate climates, many respiratory viruses show some degree of seasonal 

oscillation in infection peaks. IAV and RSV are important winter peaking viruses, 

account for significant healthcare burden during the winter months. IAV infection 

peaks typically range from November to March (Tamerius et al., 2011; Nickbakhsh 

et al., 2016), while RSV peaks from October to March (Broberg et al., 2018). 

Seasonal coronaviruses, OC43, 229E and NL-63, typically peak slightly later in the 

winter season, between January to March (Nickbakhsh et al., 2020). Other 

respiratory viruses, including RV, PIVs, AdV and HMPV, are detected throughout 

the year, with inconsistent timing in epidemic peaks (Price et al., 2019). 

The reasons for the seasonality of respiratory viruses continue to confound 

researchers and multiple factors have been proposed to contribute toward 

seasonality. Physical factors including temperature and humidity (Lowen et al., 

2007) during winter months have been proposed to prolong IAV stability and 

enhance transmission. Sociological factors including the propensity to mix indoors 

with low ventilation during colder months (Lapeña et al., 2005; Yang and Marr, 

2011). Host factors such as vitamin D deficiency have also been proposed to 

enhance host susceptibility (Cannell et al., 2006) and therefore increase viral 

transmission. Viral interference has also been proposed to influence seasonality 

(Linde et al., 2009; J.S. Casalegno et al., 2010; Nickbakhsh et al., 2019) and is 

discussed in greater detail in section 1.4.3. Interestingly, in tropical climates, IAV 

does not appear to exhibit a specific seasonality, while RSV retains a distinct 

seasonal pattern of infection (Bloom-Feshbach et al., 2013; Wang et al., 2020). In 

Bangladesh, Guatemala and Thailand, peaks in RSV infection were correlated with 

increased rainfall and humidity during rainy seasons (Haynes et al., 2013; Thongpan 

et al., 2020). Cross-immunity between co-circulating paramyxoviruses has also 

been suggested to explain seasonal oscillations (Bhattacharyya et al., 2015).  

 

1.2.2 Age related patterns in respiratory viral infections 
 

Disease burdens for all respiratory viruses are predominantly associated with young 

children and elderly populations. The highest prevalence of acute respiratory 

infections (ARIs) are detected in children (Yang, Chan, Lorna K.P. Suen, et al., 
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2015; Ramaekers et al., 2017) and viral coinfections are most frequently detected 

in children (Nickbakhsh et al., 2016). RV infection occurs early in infancy, with the 

average age of first RV infection between 4-6 months (Regamey et al., 2008). RSV 

is a well described paediatric virus and RSV seroprevalence is over 95% in children 

under the age of 2 (Andeweg et al., 2021). Transmission of IAV has been associated 

with school age children in multiple studies (Cauchemez et al., 2008; Hens et al., 

2009; Ali et al., 2013). IAV transmission was shown to be reduced in children by up 

to 29% during school holidays, but no reduction was observed in adult populations 

during the same period (Cauchemez et al., 2008). In healthy adult populations, the 

observed prevalence of respiratory viral infections is lower. Detection of respiratory 

viral infection most often relies on individuals accessing medical services or 

hospitalisations. Therefore, the true prevalence of respiratory viral infections, 

particularly in adult populations, is unclear, as asymptomatic and subclinical 

infections are not reported. In elderly populations, the burden associated with 

respiratory viral infections is high and represents an unmet clinical need, which is 

increasing in demand due to aging populations (Watson and Wilkinson, 2021). The 

vast majority of mortality associated with SARS-CoV-2 infection occurred in elderly 

populations in the first wave of the pandemic in Europe, with over 50% of COVID-

related deaths in the UK occurring in patients over 80 years (Docherty et al., 2020). 

Hospitalisation associated with respiratory viral infection is considered to be 

underestimated, with the majority of primary diagnoses listed as another factor, 

including dehydration or a fall, despite having laboratory confirmed viral infection 

(Datta et al., 2017).   Respiratory viral infection can also exacerbate chronic health 

conditions (Flamaing et al., 2003), contributing further to the burden of morbidity.  

 

1.3 Respiratory viral coinfections  
 

Until relatively recently, respiratory viruses have predominantly been considered in 

isolation, with diagnostic laboratory tests designed to detect a single virus. The 

application of multiplex qPCR testing for respiratory screening for diagnostic and 

research purposes has enabled huge advancements in detection of multi-virus 

coinfections (Brittain-Long et al., 2012). Respiratory viral coinfections occur 

frequently and therefore may contribute substantially to the dynamics of respiratory 
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viral infections and the pathogenesis of disease. In recent years, research into viral 

coinfections has rapidly increased.  

 

1.3.1 Prevalence of coinfections 
 

The prevalence of coinfection by more than one respiratory virus is relatively high, 

estimated between 10-30% of respiratory viral infections detected (Martin et al., 

2012; Zhang et al., 2014; Goka et al., 2015; Nickbakhsh et al., 2016; Kim et al., 

2020; Góes et al., 2020). 

Children are an important driver of respiratory viral dynamics, so as expected, child 

populations have the highest coinfection prevalence compared to adult groups 

(Mandelia et al., 2021) and high observed coinfection in children has been 

supported by multiple independent studies (Peng et al., 2009; Martin et al., 2012; 

Góes et al., 2020). In a large-scale study, the proportion of coinfections within virus 

positive patients was found to be 35% in children under 5 years old, compared with 

only 5.8% in adults (Mandelia et al., 2021). Further, there appears to be a difference 

in likelihood of coinfection between older and younger children. In a sample of over 

9500 patients positive for at least one virus by multiplex qPCR screen, viral 

coinfection was detected in 18% of children under 5, compared to 7% of patients 

over 5 years, with the most common viruses detected being RV, RSV, AdV and 

CoVs (Nickbakhsh et al., 2016). Studies assessing respiratory viral prevalence 

among children living in high density populated urban slums reported high 

coinfection prevalence of just under 30% in children under 5 years (Breiman et al., 

2015; Góes et al., 2020). Further, coinfections with more than two viruses are 

detected in children, with triple and quadruple coinfections detected, albeit at 

relatively low frequency (Zhang et al., 2014; Danis et al., 2020; Mandelia et al., 

2021).   

Most coinfection studies are based on respiratory diagnostic screens, which are 

collected when an individual presents at a hospital or primary healthcare setting with 

respiratory symptoms. The limitation of these datasets is that they may not 

accurately reflect the prevalence of coinfection within the general population when 

also accounting for asymptomatic or subclinical infections. Rates of coinfection in 

studies looking at asymptomatic infections are generally lower (up to 10%) (Galanti 
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et al., 2019). Birger et al. tested 2,685 asymptomatic adults and of the 6.2% infected, 

no coinfections were identified (Birger et al., 2018). The reduced detection of 

coinfections in asymptomatic individuals suggests that coinfection may more likely 

to be associated with clinical symptoms.  

RV, AdV and seasonal CoVs are most frequently detected in coinfections with other 

viruses (Martin et al., 2012; Goka et al., 2015; Nickbakhsh et al., 2016; Mandelia et 

al., 2021), while IAV and RSV are detected less frequently in coinfection (Tanner et 

al., 2012; Nickbakhsh et al., 2016; Meskill et al., 2017). Epidemiological studies have 

observed that pairs of taxonomically different viruses were found in coinfection 

together at a higher or lower frequency compared to individual virus prevalence. IAV 

and RV were shown to negatively interact, whilst positive interactions were identified 

with RSV coinfection with IBV, AdV and RV, and AdV with RV (Tanner et al., 2012; 

Nickbakhsh et al., 2019). Similarly, Meskill et al. observed that coinfections by IAV 

and RSV were found 6-7 times less frequently than expected, based on the 

individual prevalence of each virus (Meskill et al., 2017).  

Martin et al. described patterns in viral load during coinfection. Some viruses: RSV, 

IAV, HMPV and PIV3, had high viral loads in both single infection and coinfection, 

while AdV and PIV1 had lower viral loads in coinfection, compared to single 

infection. Further, the majority (82%) of coinfections comprised of a virus in the high 

viral load group and the virus in the variable viral load group (Martin et al., 2012), 

which provides an interesting insight to the potential within host-dynamics of 

coinfections. 

 

1.3.2 Clinical impact of coinfections 
 

The clinical impact of coinfection on disease severity is unclear. While some studies 

report an increase in disease severity (Marcos et al., 2011; Zhang et al., 2014), other 

studies report that coinfection results in less severe or similar clinical outcomes to 

single virus infections (Martin et al., 2012; Asner et al., 2014; Asner et al., 2015).  

Coinfection with RSV and HMPV was strongly associated with the development of 

bronchiolitis and resulted in a 10-fold increased risk of need for mechanical 

ventilation in paediatric intensive care (Semple et al., 2005). This is supported by 

Stempel et al. who found that coinfection with RSV and a secondary virus may be a 
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risk factor for bronchiolitis (Stempel et al., 2009). Coinfection with AdV and RSV was 

associated with particularly severe disease outcomes and fatalities (Tristram et al., 

1988). RSV coinfection with RV or human bocavirus (hBoV) was not associated with 

more severe disease than RSV single infected patients, but disease severity and 

length of hospital stay was substantially increased compared to RV or hBoV single 

infected patients (Calvo et al., 2015). 

The causal relationship between IAV infection and secondary bacterial coinfection 

is well characterised and results in increased disease severity and complications 

including bacterial pneumonia (Chertow and Memoli, 2013). IAV infection induces 

tissue damage and virions interact with bacteria within the respiratory tract, 

facilitating colonization by bacteria, primarily Staphylococcus aureus, Streptococcus 

pyogenes and Streptococcus pneumoniae, that normally reside in the healthy 

respiratory microbiome (Okamoto et al., 2003; Plotkowski et al., 2015; Rowe et al., 

2019). Due to this interaction’s strong association with enhanced disease severity 

(MacIntyre et al., 2018), IAV coinfections have been of particular research interest, 

to determine if virus-virus interactions with IAV may result in similar outcomes. 

Zhang et al. report more severe clinical outcomes in patients coinfected with IAV 

and RSV, compared to single infection by either virus (Zhang et al., 2014). Clinical 

outcome may depend on the coinfecting virus, as RV coinfection with H1N1 IAV was 

shown to reduce symptom severity, while coinfection with non-RV viruses, 

particularly CoVs resulted in more severe disease outcomes (Esper et al., 2011).  

 

1.3.3 Experimental coinfections in animals 
 

The relative frequency of coinfection demonstrates that respiratory viral infections 

do not occur in isolation. The clinical outcomes of coinfections are variable, but a 

substantial number of clinical studies do support the role of coinfections in altered 

viral pathogenesis or more severe disease outcomes. The interactions occurring 

between coinfecting viruses and the host are poorly understood and thus warrant 

further study using experimental systems. In recent years, an increasing number of 

experimental coinfection studies have been published, many of which used animal 

challenge models. In vivo studies are important for determining the impact of 

coinfection on disease progression, viral pathogenesis and host immune response. 
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Due to their high clinical importance and potential for interference interactions, 

coinfections between IAV and RSV have been extensively studied using animal 

models. Chan et al. used a ferret model to determine the role of viral interference 

interactions between IAV and RSV. Ferrets inoculated with 2009 pandemic H1N1 

IAV were protected from subsequent infection by RSV for 7 days. However, when 

challenged at 11 days post IAV infection, RSV infection was able to establish. 

Conversely, primary infection with RSV did not prevent infection by IAV at any time 

interval, but did reduce morbidity (weight loss) following IAV infection (Chan et al., 

2018). Similarly, Ayegbusi et al. observed that in mice coinfected with RSV and IAV 

H3N2, correlates of disease pathology were reduced, compared to singly infected 

animals (Ayegbusi et al., 2019). Drori et al. established a temporal pattern in IAV 

induced interference of RSV infection. Mice were infected with IAV up to 12 days 

prior to secondary RSV infection, and it was found that mice were refractory to RSV 

infection when inoculated 1-3, or 8-10 days post IAV infection, but RSV infection 

could establish when inoculated between 4-7 days post IAV infection. This was 

linked to a two-wave expression of anti-viral proteins, induced by the primary 

infection by IAV (Drori et al., 2020). Conversely, Georges et al. observed an 

exacerbation in disease severity following sequential coinfection with IAV and RSV 

(IAV followed by RSV and RSV followed by IAV) and detected a higher IAV viral 

load (George et al., 2021).  

IAV coinfection with other (non-RSV) viruses has also been studied. Gonzalez et al. 

demonstrated that sequential challenge with RV or a mouse CoV (MHV-1), followed 

by challenge with IAV, did not alter the replication of IAV, but did result in disease 

attenuation and faster viral clearance (Gonzalez et al., 2018). Multiple studies 

demonstrate that experimental coinfection with SARS-CoV-2 and IAV results in 

enhanced disease severity and both Bai et al. and Achdout et al. reported that IAV 

coinfection actually results in increased replication of SARS-CoV-2 (Zhang et al., 

2020; Bai et al., 2021; Achdout et al., 2021).   Li et al showed that IAV shedding is 

also increased in coinfection with SARS-CoV-2 (H. Li et al., 2021).  
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1.4 Virus-virus interactions 
 

Viral interactions between respiratory viruses have been described at multiple 

scales, from the population level, to the individual coinfected cell (Figure 1-1).  

 

Figure 1-1: Respiratory virus-virus interactions occur across multiple scales. 

Viral interactions that influence respiratory viral dynamics can occur from the 

population level to the individual coinfected cell.  

 

1.4.1 Population and host level interactions 
 

At the population level, positive and negative relationships have been observed 

between taxonomically different viruses that cocirculate in shared populations 

(Nickbakhsh et al., 2019). An analysis of over 44000 cases of respiratory illness 

found evidence to support statistically significant positive interactions between non-
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influenza viruses and negative interactions between influenza and non-influenza 

viruses, when controlling for age and seasonality (Nickbakhsh et al., 2019). A 

growing body of evidence supports the existence of interactions between influenza 

A virus and rhinovirus A (Linde et al., 2009; J S Casalegno et al., 2010; Ånestad, 

Gabriel, Nordbø, 2011; Nickbakhsh et al., 2019). Nickbakhsh et al., identified a 

negative or antagonistic, relationship between IAV and RV, where reductions in RV 

prevalence coincided with IAV seasonal peaks over an 11-year time period 

(Nickbakhsh et al., 2019). This negative interaction was conserved at the host level.  

 

1.4.2 Viral Interference 

 

Negative interactions at the host and population level interactions between viruses 

have been described for decades, much which has been attributed to viral 

interference – a phenomenon where infection with one virus is proposed to provide 

short-lived non-specific protection against subsequent viral infection, mediated by 

host immunity. Viral interference was first described in plants in 1929 (McKinney, 

1929), and these interactions have since been recognised in insect (Baidaliuk et al., 

2019), mammalian and avian (Rim et al., 2019) systems. Viral interference is 

understood to explain viral dynamics observed during the 2009-10 H1N1 IAV 

pandemic (Anestad and Nordbo, 2009; J. S. Casalegno et al., 2010; Ånestad, 

Gabriel, Nordbø, 2011). Interference induced by prior rhinovirus epidemics was 

thought to delay and reduce the severity of the influenza pandemic in several 

European countries (Linde et al., 2009; Anestad and Nordbo, 2009; J. S. Casalegno 

et al., 2010; Ånestad, Gabriel, Nordbø, 2011). In turn, the first wave of the influenza 

epidemic was proposed to cause the seasonal peak of RSV to be unusually delayed 

(J S Casalegno et al., 2010; Yang, Chan, Lorna K. P. Suen, et al., 2015; van Asten 

et al., 2016). Nickbakhsh et al. used mathematical simulations to model viral 

interference and found that introducing a short refractory period of just two days post 

influenza infection, in which a host is insusceptible to secondary infection by a 

common-cold like illness, was enough to reduce incidence of common-cold infection 

by nearly one quarter (Nickbakhsh et al., 2019). Further, interference induced by RV 

was mathematically modelled based on experimental coinfections in primary 

differentiated human bronchial epithelial cells (hBEC). Dee et al. showed that an 

RV-induced interference interaction prevent exponential growth of SARS-CoV-2 

infections in the population (Dee et al., 2021). A reduction in infection of this scale 
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could contribute heavily to the dynamics of infection at the population level, 

demonstrating that host level interactions are of importance, as amplification of 

these effects results in population-wide effects. Mak et al. analysed incidence of a 

panel of respiratory viruses in Hong Kong and observed that the infection trends of 

several non-influenza respiratory viruses, including RV, RSV, PIV and AdV, were 

abnormal in the months following the 2009 H1N1 IAV pandemic. These 

observations were proposed to be a result of a lack of normal viral interference 

interactions, that result in cyclical patterns of infection by respiratory viruses (Mak 

et al., 2012). 

The underlying mechanisms driving viral interference interactions are not fully 

elucidated and tissue level interactions including competition for receptors and 

resources within host tissues proposed to contribute. Immune mediated interactions 

have, however, been demonstrated to play a primary role in driving dynamics and 

this is considered to be a key mediator of viral interference between taxonomically 

diverse respiratory viruses.  

 

1.4.3 Mechanisms of viral interference  
 

The immunological mechanisms of viral interference have been explored in multiple 

studies. In a differentiated model of the airway epithelium, Dee et al. demonstrated 

RV infection peaked quickly and induced a widespread antiviral response, resulting 

in high levels of expression of anti-viral protein MxA. In the same culture system, 

SARS-CoV-2 replicated more slowly and induced a comparatively low interferon 

(IFN) response, with antiviral signalling contained to foci of infection. In coinfection, 

RV-induced antiviral signalling blocks the replication of SARS-CoV-2. In the 

presence of BX795, an inhibitor of the innate immune response, SARS-CoV-2 

replication was restored to the level of single infection, despite the presence of RV. 

The recovery of SARS-CoV-2 replication in the presence of the inhibitor 

demonstrates that it is immune signalling, not resource competition that limits the 

replication of SARS-CoV-2 in coinfection (Dee et al., 2021). Similarly, Wu et al. 

demonstrated that IAV replication is inhibited following infection by RV, in an 

immune-mediated manner. Treatment with BX795 resulted in the recovery of IAV 

replication in coinfection with RV (Wu et al., 2020). Geiser et al. showed that HMPV 

replication was reduced in coinfection with RSV in an air-liquid interface model of 
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the airway epithelium, but the inhibitory effect was partially alleviated in the presence 

of IFN type I and III neutralising antibodies (Geiser et al., 2021). These experimental 

studies support the idea that viral interference is driven by the innate immune 

response and that viruses that induce a strong IFN response can block infection by 

a secondary virus. Essaidi-Lassiozi et al. showed that replication of IAV and RSV 

was unaffected by pre-treatment by IFNλ in ex vivo respiratory cultures, while RV 

infection was substantially reduced. All three viruses were sensitive to IFNα, but a 

lower level of inhibition was observed for IAV and RSV, compared to RV (Essaidi-

Laziosi et al., 2020). IAV and RSV encode potent anti-viral proteins, that engage 

with multiple components of the innate immune pathways, to supress host innate 

immune signalling (Nogalez et al., 2018; Thornhill and Verhoeven, 2020). The 

varying sensitivity to IFN suggests some viruses may be better equipped to 

overcome interference interactions induced by a coinfecting virus, while other 

viruses cannot.  

Drori et al. demonstrated that temporal patterns in interference were driven by 

distinct waves of anti-viral signalling. Mass spectrometry analysis of cells infected 

with IAV revealed a subset of ten proteins that exhibited a distinct two-wave pattern 

of upregulation, peaking between days 1-3 and 8-12 post IAV infection. Members of 

the interferon-induced protein with the tetratricopeptide (IFIT) family of proteins were 

specifically enriched in the subset (Drori et al., 2020) and these proteins have been 

shown to restrict RSV and CoV replication by binding to the 5’ end of viral RNA, 

therefore occluding interactions with translational initiation factor eIF4F (Kumar et 

al., 2014). IFIT proteins do not restrict IAV replication, likely because IAV uses cap-

snatching mechanisms that make the 5’ end of IAV RNA indistinguishable from host-

cell RNA (Pinto et al., 2015). 

Ayegbusi et al. analysed the T cell response to single infection or coinfection with 

IAV H3N2 and RSV. They found that coinfection by both viruses simultaneously 

resulted in a reduction of CD11c+ dendritic cells, however also resulted in 

significantly higher activation of natural killer T cells and CD4+ helper T cells. There 

was a significant reduction in CD8+ cytotoxic T cells in coinfection (Ayegbusi et al., 

2019).  

 

1.4.4 Trained immunity 
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Viral interference has been demonstrated experimentally to occur due to transient 

immune mediated interactions, that cause the respiratory epithelium to become 

refractory to infection by a secondary virus. However, longer-lived heterologous 

interference interactions have also been described. Trained immunity describes a 

process in which innate immune cells display characteristics of memory in response 

to an initial infection or vaccine administration, and thus can induce a non-specific 

protective effect upon rechallenge (Netea et al., 2020). Infection memory is 

generated through a combination of metabolic reprogramming and epigenetic 

changes within innate immune cells in response to a primary infection. Upregulation 

of metabolic processes results in activation of factors involved in chromatin 

remodelling, which ultimately results in histone modifications to selected genes 

involved in innate immunity. Upon secondary exposure to a pathogen, the 

modifications to chromatin structure allow upregulation of the epigenetically 

modified genes to a greater extent, resulting in an immune response of greater 

magnitude than the initial infection (Netea et al., 2020). This phenomenon is not 

specific to viral infection: Kleinnijenhuis et al. demonstrated that up to 3 months 

following the BCG vaccine, T cells collected from human volunteers exhibited 

enhanced IFNγ and TNFα response to unrelated bacterial pathogens, compared to 

unvaccinated individuals (Kleinnijenhuis et al., 2012).  

Cross-reactive immunity between related viruses has been well described. Cross 

immunity from seasonal CoVs is proposed to play a role in reducing of disease 

severity induced by SARS-CoV-2 infection (Yaqinuddin, 2020), while others suggest 

it may enhance immunopathology (Beretta et al., 2020). Additionally, protective 

heterosubtypic T cell responses to IAVs are well characterised (Schulman and 

Kilbourne, 1965; Slütter et al., 2017). However, cross reactive immune interactions 

between unrelated viruses are less well described and trained immunity may play 

an important role here. The formalin-inactivated RSV vaccine caused severe 

enhancement of disease and excess mortality following natural infection by RSV 

during the 1960s, but infection by RSV prior to vaccination alleviated the severe 

immune reaction. Walzl et al. showed that prior infection with IAV also exerts a 

protective effect against subsequent infection by RSV, therefore demonstrating that 

heterologous immune interactions induced by unrelated viruses play a role in 

determining clinical outcomes (Walzl et al., 2000). 
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1.5 Cellular level viral interactions 
 

1.5.1 Applying social interactions to virus-virus interactions 
 

At the individual host level, many respiratory viruses share tropism for specific 

regions and cell types in the respiratory tract. Therefore, they can be considered to 

occupy the same ecological niche. As with all biological systems, the community 

interactions within the respiratory tract will impact on the dynamics of other 

organisms co-existing within the same ecological niche and alter environmental 

factors to which the organisms depend.  

Díaz-Muñoz et al. used the term Sociovirology to describe a framework in which the 

diverse range of virus-virus interactions that occur during the course of infection can 

be understood, using principles of social evolution theory (Díaz-Muñoz et al., 2017). 

The application of social principles to study viruses has previously been overlooked, 

as these principles assume a level of complex behavior, which viruses, as obligate 

entities, cannot display. However, using this framework can clarify and direct our 

understanding of evolved traits or interactions between coinfecting viruses. 

Ecological interactions have been used to describe interactions in other multi-

pathogen systems, including virus-bacteria interactions of the respiratory tract, but 

virus-virus interactions have been overlooked by this framework. At all stages of 

viral infection there are opportunities for classical ecological interactions that are 

well described in higher order systems (Lang and Benbow, 2013). The most obvious 

interaction is competition, between coinfecting viruses for host resources, cellular 

machinery, and space within a coinfected cell. It has been demonstrated that 

facilitative, mutualistic and altruistic interactions also occur during viral infections 

(Domingo-Calap et al., 2019). DaPalma et al. grouped virus-virus interactions into 

three broad categories: indirect interactions driven by host immunological 

responses, indirect interactions driven by environmental changes and direct 

interactions between viral gene products (DaPalma et al., 2010). 

It is important to make the distinction between different classes of virus interactions. 

Viral infection is established by a dynamic population of non-identical variants, each 

varying degrees of fitness. Resource competition between non-identical variants 

drives viral evolution and influences the course of infection, while cooperative 

interactions between variants maintain genetic diversity. The extent of interactions 
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between related subspecies of viruses may depend on the relatedness of the two 

viruses or the context of coinfection. Interactions between taxonomically distinct, 

unrelated viruses are the most poorly characterised, and the factors influencing such 

interactions are unclear.  

 

1.5.2 Direct interaction between virus particles  
 

Virus particles can aggregate to form large, structured assemblies of viral particles, 

with a total size that is considerably larger than a single viral particle, containing 

multiple genomes. Aggregation of influenza virions has been demonstrated to 

promote multiplicity reactivation (Hirst and Pons, 1973). Viral aggregates can 

provide additional advantageous traits, including enhanced resistance to 

neutralising antibodies and inactivation in the environment. Cuevas et al. 

demonstrated that free VSV virions can spontaneously aggregate, forming multi-

virion bodies. These bodies facilitate delivery of multiple genomes into the same 

cell, thereby maintaining genetic diversity. This interaction is favoured in bodily fluids 

such as saliva, compared to tissue culture media, therefore this suggests that direct 

interactions between virions maybe an evolved advantageous trait within the 

respiratory tract (Cuevas et al., 2017). Andreu-Moreno et al. demonstrated that 

although these aggregates provide a transient advantage for inter-cell transmission, 

it comes at a fitness cost to the virus as it drives the production of defective 

interfering particles (Andreu-Moreno and Sanjuán, 2020). It is possible that 

aggregates composed of unrelated viruses during coinfection could provide the 

same benefits, by promoting extracellular stability.  

 

1.5.3 Resource competition 
 

Resource competition has been demonstrated to drive the outcome of coinfection 

in bacterial and parasite coinfection systems (Kinnula et al., 2017; Budischak et al., 

2018; Rovenolt and Tate, 2021). However, no experimental laboratory studies have 

attempted to quantify resource competition between coinfecting viruses. The energy 

cost of producing new viral particles is substantial (Mahmoudabadi et al., 2017), 

therefore it is plausible to assume that limitations of finite resources within a 
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coinfected cell or tissue will ultimately drive competition between co-replicating 

viruses. On a simplified level, the most essential resource for viral replication is the 

availability of susceptible cells. Mathematical simulations of coinfections based on 

the in vitro growth parameters of multiple respiratory viruses shows that faster 

growing viruses outcompete slower growing viruses by consuming more resources, 

in the form of susceptible cells (Pinky and Dobrovolny, 2016). This was supported 

by a recent study, which showed that the length of the viral life cycle was the primary 

factor driving competition, and was more important than timing of infection (Vafadar 

et al., 2021). These models are an over-simplification of the complexity of respiratory 

viral infection, but do highlight that the kinetics of viral replication, which varies 

between co-circulating viruses, can impact access to cellular resources.  

 

1.5.4 Superinfection exclusion 
 

Superinfection exclusion describes the process in which a virus prevents secondary 

infection of the same cell or tissue by a related virus. Superinfection exclusion has 

been demonstrated for a diverse range of viruses including orthomyxoviruses 

(Huang et al., 2008; Sun and Brooke, 2018), paramyxoviruses (Morrison and 

McGinnes, 1989; Horga et al., 2000), retroviruses (Barnard et al., 2006), flaviviruses 

(Tscherne et al., 2007; Blitvich and Firth, 2015), pestiviruses (Lee et al., 2005) and 

alphaviruses (Karpf et al., 1997).  

Interference with cellular entry is a key mechanism to mediate superinfection 

exclusion. Laliberte et al. demonstrated that poxviruses can induce superinfection 

exclusion by interfering with membrane fusion process during viral entry, therefore 

blocking entry of a second virus (Laliberte and Moss, 2014). Other viruses target 

cellular entry receptors and this is a is a key mechanism to mediate superinfection 

exclusion (Geleziunas et al., 1994; Horga et al., 2000; Huang et al., 2008). Human 

immunodeficiency virus type I (HIV1) depletes its receptor CD4 from the cell surface, 

by triggering its internalization, via the viral encoded nef protein (Geleziunas et al., 

1994). The haemagglutinin-neuraminidase glycoprotein of PIV3 cleaves sialic acid 

(its cellular entry receptor) from the cellular surface, thereby preventing subsequent 

infection (Horga et al., 2000). Similarly, IAV neuraminidase (NA) removes sialic 

acids from the surface of cells producing IAV virions. Huang et al. showed that N1 

from A/Puerto Rico/8/34 could restrict the entry of retroviral pseudotypes expressing 
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a range of haemagglutinins. Further, they showed that superinfection exclusion was 

correlated with a loss of sialic acids on the cell surface (Huang et al., 2008).  

Equally, for IAVs, coinfection is an important event for the delivery of a viral genome, 

as the majority of IAV particles produced do not contain a complete viral genome 

(Brooke et al., 2013). Complementation reactivation is the process whereby more 

than one semi-infectious virus infects the same cell, each bringing components to 

make a complete infectious genome, therefore enabling viral replication. Sun et al. 

showed that semi-infectious influenza particles are more likely to coinfect the same 

cell, whereas IAV particles with complete genomes potently inhibit superinfection 

(Cannell et al., 2006; Sun and Brooke, 2018). This suggests that the mechanism of 

superinfection exclusion relies on a fully infectious particle, whose infectious 

progeny mediates superinfection exclusion on release from infected cells, by NA 

cleavage of receptors.  

Relatedness between viruses is an important factor to the extent to which 

superinfection exclusion occurs. Studies demonstrate that only viruses of the same 

strain or closely related viruses are sensitive to superinfection exclusion 

(Folimonova, 2012; Laliberte and Moss, 2014). It is unclear whether superinfection 

exclusion interactions occur between unrelated viruses, however based on known 

mechanisms of exclusion, it seems unlikely. Unrelated respiratory viruses have 

been shown to coinfect individual cells experimental studies. (Shinjoh et al., 2000; 

Geiser et al., 2021), therefore, immune-mediated viral interference that prevents 

coinfection of the same tissues, rather than cellular superinfection exclusion may 

play a more important role in respiratory viral dynamics. A recent pre-print by 

Czerkies et al. showed that in a mixed infection, immune-mediated interference 

induced by RSV actually promotes coinfection, over infection of bystander cells  

(Czerkies et al., 2021). 

 

1.5.5 Natural pseudotyping 
 

Pseudotyping, or phenotypic mixing, is an interaction that occurs between 

enveloped viruses and describes the process in which virions containing the internal 

core proteins of one virus incorporate the envelope proteins of a different virus. The 

interaction has been widely adopted in molecular virology research. Non-
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pathogenic, replication incompetent viral pseudotypes can be flexibly developed 

through using lentivirus and vesicular stomatitis virus (VSV) vectors, containing 

structural proteins and enzymes from the vector, whilst expressing the glycoproteins 

of interest from unrelated viruses.  

Pseudotyping between RNA viruses was demonstrated in early coinfection studies 

(Zavada, 1982) and has been demonstrated between respiratory viruses IAV and 

Newcastle Disease Virus (Granoff and Hirst, 1954). Components from 

morphologically different viruses were also demonstrated to result in infectious 

pseudotyped virions. Filamentous parainfluenza virus SV5 and spherical VSV 

produced pseudotyped virions that contain VSV nucleocapsid and SV5 membrane 

proteins (Choppin and Compans, 1970). RNA virus VSV was also shown to 

incorporate glycoproteins from DNA virus, herpes simplex virus 1 (HSV1), 

demonstrating that highly genetically diverse viruses are structurally compatible in 

the formation of pseudotyped virions (Huang et al., 1974). Natural pseudotyping can 

result in functional changes to the biological properties of viruses (Granoff and Hirst, 

1954; Choppin Atn and Compans, 1970). Pseudotyping between human 

immunodeficiency virus 1 (HIV-1) with gammaretrovirus, xenotropic murine 

leukemia virus-related virus, was demonstrated to facilitate evasion of neutralising 

antibodies and expansion cellular receptor tropism (Tang et al., 2014).  

Natural pseudotyping between taxonomically distinct respiratory viruses raises 

questions surrounding the structural compatibility of envelope proteins with internal 

structural proteins of unrelated viruses. Zavada et al. proposed that evolutionarily 

conserved structural features in the interacting regions between viral glycoproteins 

and matrix proteins may facilitate pseudotype formation (Zavada, 1982).  

Heng et al. described a more complex interaction, which resulted in structural 

changes to virions generated in coinfection with HIV-1 and HSV-1, identified by 

electron microscopy. In skin biopsies from acquired immunodeficiency syndrome 

(AIDS) patients with coinfected with HSV-1 and HIV-1, particles were identified 

within coinfected cells that were larger in size than each virus alone, with an irregular 

morphology. Additionally, the cellular tropism of both viruses was altered in 

coinfection: HIV-1 was identified in keratinocytes, which lack CD4 receptor, whilst 

the proportion of macrophages positive for HSV-1 was significantly higher in 

coinfected patients compared to those negative for HIV-1 (Heng et al., 1994). This 

observation has not been described with other viruses during coinfection but 
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suggests some viruses may be compatible to produce hybrid viral progeny during 

coinfection. The fact that this interaction was identified in human biopsies shows the 

potential for virus-virus interactions that result in changes to viral progeny in 

coinfected individuals, particularly immunocompromised patients, where viral load 

may be high.  

 

1.6 Influenza A Virus 
 

1.6.1 Clinical impact 
 

Influenza virus replication peaks around 48 hours after infection and viral shedding 

lasts for between 6-8 days (Carrat et al., 2008). Influenza infection predominantly 

results in uncomplicated illness, with classical influenza disease including fever, 

headache, muscle pain, runny nose, cough and sore throat (Carrat et al., 2008). 

Gastro-intestinal symptoms can also manifest and appear more common in a strain 

dependent manner (Palese and Shaw, 2013). In the elderly, influenza infection can 

present without respiratory symptoms, with symptoms including fatigue and 

confusion being more prevalent. In children, symptoms are similar to adults but with 

some differences. Fevers can be more severe and result in a higher burden of illness 

(Jané et al., 2019). Also, infection and inflammation of the inner ear (otitis media) 

can occur, which potentially results in permanent hearing loss (Short et al., 2013). 

Influenza infection can also be an important cause of Croup in infants, which can 

result in more severe disease outcomes.  

Severe disease outcomes and mortality associated with influenza infection are due 

to influenza induced inflammation in the lung, which can develop into acute 

respiratory distress syndrome (ARDS) (Kalil and Thomas, 2019). Complications due 

to secondary bacterial infection contribute towards adverse disease outcomes. 

Pneumonia resulting from bacterial coinfection, predominantly with Staphylococcus 

pneumoniae, was estimated to account for up to 90% of mortality associated with 

the 1918 H1N1 IAV pandemic, which resulted in over 50 million deaths worldwide 

(Morens and Fauci, 2007).  
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1.6.2 Therapeutic Interventions 
 

Influenza vaccines are offered in the UK prior to the winter season. Live attenuated 

vaccine is administered predominantly to children, while adult populations receive 

the inactivated vaccine. Both vaccines are composed of four seasonal IAV strains: 

two IAVs (H3N2 and pandemic H1N1) and two IBVs, one each from the Yamagata 

and Victoria lineages. The components of the vaccine are updated annually based 

on recommendations from the Global Influenza Surveillance and Response System 

and different strains are incorporated to reflect circulating influenza virus in the 

northern and southern hemispheres. Due to the antigenic drift and emergence of 

new IAV strains, prediction for vaccine strains can result in mismatch, where the 

vaccine strains do not match those circulating in the population, therefore the 

vaccine does not provide protection against infection by these strains (Flannery et 

al., 2020; Tenforde et al., 2020). Overall vaccine effectiveness is variable, with 

typical effectiveness ranging between 40-60% (Public Heath England, 2020).  

Small molecule antivirals are licensed to treat influenza virus infection, with 

neuraminidase inhibitors, Oseltamivir and Zanamivir, being the front line treatment. 

Oseltamivir resistance is a significant challenge, with high rates of resistance 

detected. During the 2009-10 H1N1 pandemic, greater than 90% of seasonal strains 

detected in multiple countries including the UK (Lackenby et al., 2011). Due to this 

high level of resistance, many small molecule inhibitors targeting different aspects 

of the influenza life cycle are in development, a few of which have been licensed for 

clinical use. Favipiravir inhibits the RNA dependent RNA polymerase (RdRP) and is 

licensed for used in Japan under strict clinical use (Shiraki and Daikoku, 2020). 

Baloxavir Marboxil is licensed for use in the USA and Japan. It is a pro-drug that is 

converted to active from, Baloxavir acid. This inhibits IAV replication by inhibiting 

the cap-dependent endonuclease activity of PA (Shirley, 2020).  

 

1.6.3 Influenza virus Classification 
 

Influenza viruses are categorized within the family Orthomyxovirus. Four distinct 

influenza virus genera have been identified: Influenza A, B, C and D.  
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Influenza B viruses (IBV) have a segmented genome composed of eight segments. 

IBVs have important distinctions from IAVs. They encode an additional membrane 

protein NB, which has a transcriptional start site upstream of NA. Additionally they 

lack PB-F2 and have other important differences in length of proteins and non-

coding regions (reviewed by [Palese and Shaw, 2013]). IBVs are separated into two 

distinct linages: B/Victoria and B/Yamagata (Rota et al., 1990). IBVs have no known 

animal reservoir and circulate predominantly in human populations, therefore there 

is little risk of the emergence of pandemic IBVs. While IBVs do not present a 

pandemic risk, they contribute substantially to the global burden of disease, 

representing the dominant seasonal influenza strain approximately every third year 

(Lin et al., 2004), therefore the seasonal influenza vaccine contains an IBV from 

both lineages.  

Influenza C viruses (ICV) contain seven genome segments. In contrast to IAVs and 

IBVs, ICV only encodes one surface protein: haemagglutinin-esterase function 

protein, which forms a lattice structure across the surface of the virion (Halldorsson 

et al., 2021). This protein combines the roles of HA and NA, mediating receptor 

binding (Rogers et al., 1986), destruction of receptors (Herrler et al., 1985) and 

membrane fusion (Ohuchi et al., 1982). ICV circulates in human populations and 

predominantly causes mild upper respiratory tract infection, although some 

infections progress to more severe lower respiratory tract infections (Matsuzaki et 

al., 2006). Despite not receiving as much clinical attention as IAV or IBV, 

seroprevalence for ICV in children has been reported as high as 90% (Homma et 

al., 1982). 

Influenza D viruses (IDV) were first identified in 2011, from pigs (Hause et al., 2013; 

Hause et al., 2014) and have since been isolated from cattle, which is believed to 

be the main reservoir for this virus (Ducatez et al., 2015). IDVs are closest related 

to ICVs with a similar genome organisation, but cannot recombine with ICVs to 

produce viable progeny (Hause et al., 2014). Seropositivity in humans has been 

identified (Eckard, 2016) and IDV grows well in physiological temperatures and 

conditions similar to the human respiratory tract (Hause et al., 2013). Therefore, IDV 

has zoonotic potential, however it is likely to cause mild disease so may be of low 

public health priority.  
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1.6.4 Influenza A subtypes 
 

IAVs have a characteristically wide host range and have been detected in a diverse 

range of mammalian and avian species. IAV diversity is greatest in wild aquatic 

birds, therefore this is considered to be the reservoir. Due to this expansive host 

range, species cross over and viral reassortment, resulting in novel emergent strains 

is possible, which presents a considerable ongoing threat to human health.  

IAVs can be divided into subtypes depending on the type of antigenic proteins on 

the virion surface: haemagglutinin (HA) and neuraminidase (NA). There are at least 

18 known HA subtypes (H1 to H18) and 11 NA (N1 to N11) subtypes. IAV H1N1 

and H3N2 co-circulate in human populations and cause seasonal IAV infections. 

IAVs are further classified into individual virus isolates by the nomenclature: genus, 

species from which the virus was isolated, location of isolation, the number of the 

isolation and the year of the isolation (Palese and Shaw, 2013).  

 

1.6.5 Influenza A virus genome organisation 
 

Influenza A virus has a negative sense, single stranded RNA genome, with a total 

size of approximately 13.5 kb (Ghedin et al., 2005). It contains a segmented genome 

composed of eight individually packaged gene segments, encoding ten core 

proteins that are essential for viral replication and a number of additional accessory 

proteins. Gene segments are referred to in order of size, ranging from 2.3kb to 0.89 

kb (Ghedin et al., 2005),  with segment one being the largest, encoding basic 

polymerase protein 2 (PB2), followed by basic polymerase protein 1 (PB1), acidic 

polymerase protein (PA), HA, nucleoprotein (NP), NA, matrix proteins (M1 and M2), 

and the smallest genome segment, NS. Segments 1 (PB2), 3 (PA), 4 (HA), 5 (NP) 

and 6 (NA) encode a single core protein (plus additional accessory proteins), while 

segment 7 encodes core proteins M1 and M2; and segment 8 encodes core proteins 

NS1 and nuclear export protein (NEP)/nonstructural protein 2 (NS2) (Figure 1-2A). 

Expression of a number of accessory proteins is facilitated by overlapping open 

reading frames and alternative splicing of gene segments. Of these the most 

important include PB1-F2, encoded on segment two, and PA-X, encoded on 

segment three (Figure 1-2A). While the functional role of many of these accessory 
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proteins remains unclear, many interact with antiviral pathways (reviewed by [Pinto 

et al., 2020]).  

 

Figure 1-2: Influenza A virus genome structure. (A) Influenza A virus genome 

segments labelled with gene names and corresponding core proteins (blue) and 

accessory proteins (red). Blue bars are scaled to size to demonstrate relative gene 

size from 3.34 kb to 0.89 kb. (B) Schematic of RNP structure. vRNA genome (black 

line) is packaged in a helical arrangement with nucleoproteins. Genome wraps 

around and both 5’ and 3’ ends are associated with the polymerase complex, 

consisting of PB1, PA (pink) and PB2 (yellow). 

 

1.6.6 Virion composition and structure 
 

IAV is highly pleiomorphic, exhibiting spherical, bacilliform and filamentous 

morphologies. The spherical morphology is associated with laboratory adapted 

strains, while filamentous virions are more frequent in viral isolates (Seladi-

Schulman et al., 2014a). Spherical virions are approximately 120nm in diameter, 

while filament widths average between 70-100nm (Harris et al., 2006; Dadonaite et 

al., 2016). Influenza filaments can extend to many microns in length (Elleman and 

Barclay, 2004). Long filaments tend to be thinner in diameter, while smaller 

bacilliform particles are widths closer to 90-100nm (Vijayakrishnan et al., 2013). 
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IAV virions consist of an envelope derived from the host cell. Embedded within this 

envelope and protruding from the virion surface are glycoprotein spikes, HA and 

NA. Spikes have a close irregular arrangement, with an average spacing of 11 nm 

between spikes (Harris et al., 2006). The distribution of NA is clustered (Harris et 

al., 2006) and on filamentous virions it is typically polarised to one end, with studies 

presenting conflicting evidence as to whether NA is enriched at the end containing 

genome (Vahey and Fletcher, 2019) or the opposite end (Calder et al., 2010).The 

viral envelope also contains proton channels composed of transmembrane protein, 

M2. M2 is incorporated at 10-100 fold lower abundance to HA (Zebedee and Lamb, 

1988).  

The viral membrane is derived from host membranes, but it has a different 

composition. Ivanova et al. showed that viral membranes are enriched in 

phosphatidylethanolamine, a lipid that induces membrane curvature, while the main 

structural component of cell membranes, phosphatidylcholine, is depleted (Ivanova 

et al., 2015). Hutchinson et al. identified a substantial collection of host-derived 

proteins within IAV virions. Of these, tetraspanin proteins, CD9 and UPK-1B, were 

abundant in mammalian and avian derived virus particles respectively (Hutchinson 

et al., 2014). Tetraspanins have been shown to enhance membrane fusion and 

extracellular vesicle formation (Andreu and Yáñez-Mó, 2014), therefore active 

incorporation of CD9 and UPK-1B by IAVs may provide a functional benefit.  

Under the membrane is the matrix layer composed on M1 arranged in a helical 

structure, to which the viral envelope is closely associated (Figure 1-3A). M1 

proteins assemble into polymers in linear strands, which wrap with parallel strands 

to form a helical structure (Calder et al., 2010; Peukes et al., 2020). The sequential 

assembly of monomers to the polymeric strands, followed by the assembly of 

polymeric strands to helical assemblies provides the conformational changes and 

free energy requirements to promote virion assembly (Peukes et al., 2020). The 

cytoplasmic tails of both HA and NA interact with M1 and this interaction is critical 

to promote virion assembly (Zhang and Lamb, 1996). Matrix is absent in regions 

where there are gaps in glycoprotein expression (Harris et al., 2006). The 

hydrophobic N-terminal domains of M1 interact with both the RNA and protein 

components of ribonucleoprotein (RNP) complexes within virions (Ye et al., 1999).  

Genomic viral RNA (vRNA) is packaged into individual RNPs (Figure 1-2B). vRNA 

associates with nucleoprotein (NP) to form a coiled rod-like structure. This is bound 
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to the heterotrimeric polymerase complex, consisting of PB1, PB2 and PA (Figure 

1-2B). Each NP associates with approximately 24 bases of vRNA, without sequence 

specificity. NP binds to the vRNA backbone, leaving bases exposed to facilitate 

transcription without the requirement for dissociation of the complex (Baudin et al., 

1994; Elton et al., 1999). The vRNA has a closed conformation, with both 5’ and 3’ 

ends interacting with the polymerase complex. NP and vRNA arranges into a helical 

structure, where the NP-vRNA strand loops around and parallel and anti-parallel 

strands interact to provide stability (Arranz et al., 2012; Moeller et al., 2012). vRNA 

in RNP complexes forms distinct secondary structures, which engage in intra- and 

inter-segment interactions. These interactions drive co-segregation of virions and 

dictate compatibility of genome segments during reassortment (Dadonaite et al., 

2019). 

 

Figure 1-3: Influenza A virion structure and morphologies. (A) Schematic 

showing influenza A virus virion structure and pleomorphic particles. (B) Image 

collected by cryo-electron tomography showing pleomorphic IAV virions. Scale bar 

indicates 200 nm. 

 



39 
 

The IAV genome is packaged in a structured arrangement within virions, with a 7+1 

arrangement of RNPs (Figure 1-3A), with a central RNP surrounded by the seven 

other genome segments (Noda et al., 2006; Harris et al., 2006). This 7+1 

arrangement is conserved across IAVs and Noda et al. showed that viruses lacking 

the HA segment, incorporate 18S and 28S ribosomal RNA to maintain the eight 

segment arrangement (Noda et al., 2018). RNPs are packaged toward the distal tip 

of a budding virus, with an orientation perpendicular to the budding membrane 

(Noda et al., 2006). In filamentous virions, packaging of RNPs is polarised to one 

end (Figure 1-3) (Calder et al., 2010; Vijayakrishnan et al., 2013; Vahey and 

Fletcher, 2019), although some filamentous virions lack RNPs completely 

(Vijayakrishnan et al., 2013).  

 

1.6.7 Influenza replication cycle 
 

Influenza virus is transmitted through respiratory droplets, aerosolized droplets and 

contact transmission (Killingley and Nguyen-Van-Tam, 2013). Once inside the 

respiratory tract, influenza virions move through the mucus layer to reach the cells 

of respiratory epithelium. Influenza cellular tropism is discussed in more detail in 

Chapter 5. Below describes the life cycle of IAV from attachment to a host cell, to 

release of infectious progeny.  
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Figure 1-4: Influenza A virus replication cycle. IAV attaches to the cell via 

interactions between HA and sialic acids on the cell surface, before internalisation, 

via clathrin mediated endocyotosis or macropinocytosis (1). Endosomal acidification 

results in conformational changes within the virion that trigger fusion of endosomal 

and viral membranes, facilitating release of IAV RNPs into the cytoplasm (2). RNPs 

are transported into the nucleus, where transcription of viral genes is mediated by 

the IAV polymerase complex (3). Viral mRNAs are translated in the endoplasmic 

reticulum or by free ribosomes in the cytoplasm. Newly translated NP, PB1, PB2 

and PA are transported back into the nucleus for assembly of new RNPs, while 

envelope proteins progress into the secretory system (4). Replication of viral 

genomes occurs via a cRNA intermediate (5). Newly synthesized RNPs are 

transported out of the nucleus and trafficked to the plasma membrane via Rab11 

mediated pathways (6). Viral envelope proteins are inserted into the membrane in 

the ER and processed within the Golgi apparatus, before transport to the plasma 

membrane via the secretory system (7). Viral components concentrate in lipid raft 

regions of the plasma membrane. Virion budding and elongation is mediated by 

polymerisation of the matrix and membrane scission is carried out in a process 

mediated by M2 (8).  



41 
 

1.6.7.1 Attachment, Entry & Uncoating 

 

IAV virions attach to the cell surface via HA interactions with the terminal sialic acids 

of carbohydrate chains of glycoproteins or glycolipids (Weis et al., 1988; Takemoto 

et al., 1996; Gambaryan et al., 1997). The receptor binding site for HA was identified 

in 1981 and is a conserved binding pocket within the head region of HA, which 

contains a number of specifically conserved residues and structures facilitating 

engagement with sialic acids (Rogers et al., 1983; Weis et al., 1988). Specificity for 

sialic acid structures vary, with avian IAVs typically displaying a preference for α-

2,3-gal linkages, which are predominant in the avian gut (Ito et al., 1998), whereas 

mammalian IAVs preferentially engage with α-2,6-gal linkages, which predominate 

the human respiratory tract (Matrosovich et al., 2004).  

Once attached, using a combination of HA-mediated binding activity and NA-

mediated enzymatic cleavage of sialic acids, virions can traverse the surface of the 

cell (Figure 1-4). This movement has been demonstrated to result in a higher rate 

of internalization, so suggests that virions move around the cell surface until they 

encounter the optimum region for internalization, for example regions with endocytic 

machinery (Sakai et al., 2017). Influenza virions are internalised in two ways. First, 

clathrin-mediated endocytosis can occur (Rust et al., 2004) and assembly of clathrin 

coated pits is mediated by the adaptor protein Epsin-1 (Chen and Zhuang, 2008). 

This is thought to be the primary route of endocytosis for IAVs (Rust et al., 2004). It 

was also demonstrated that virions can be internalised independently of clathrin, by 

micropinocytosis (Sieczkarski and Whittaker, 2002; de Vries et al., 2011). 

Macropinocytosis is required to internalise virions of larger bacilliform or filamentous 

morphologies (Rossman et al., 2012). 

Once internalised into an endosome, IAV undergoes a stepwise uncoating process 

that relies on both viral induced physiological changes and those induced by the 

host cell in endosome maturation (Figure 1-4). Within the early endosome, IAV 

activates M2 ion channels, that allow an influx of protons to the virion. This induces 

conformational changes in M1 that destablise the matrix layer and disrupt its 

interactions with HA cytoplasmic tails, the lipid envelope and packaged RNPs (Li et 

al., 2014; Stauffer et al., 2014). As the endosome matures, concentration of 

potassium ions increases, which destabilises further interactions between RNPs 

(Stauffer et al., 2014).  
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As the endosome matures into a late endosome, with an acidic pH between 5-5.5, 

HA undergoes conformational changes, that bring the virion membrane and the 

endosome membrane into extremely close proximity (Benhaim et al., 2020). For this 

to occur, HA must first have been cleaved from its inactivated conformation (HA0) to 

two functional components: the receptor binding domain (HA1) and the fusion 

domain (HA2). This is described in section 1.6.7.3. Cleavage of HA allows exposure 

of the fusion peptide on the N-terminus of HA2. The fusion peptide inserts itself into 

the endosomal membrane, while the C-terminal domain of HA2 is anchored within 

the viral membrane. HA2 then folds to form a hairpin, which brings together viral 

and endosomal membranes (Carr et al., 1997; Garcia et al., 2015; Das et al., 2018). 

Further conformational change brings the two membranes into even closer 

proximity, initiating membrane fusion. After membrane fusion, RNPs are released 

into the cytoplasm (Figure 1-4). To aid in capsid disassembly and RNP release, 

Histone Deacetylase 6 and Transportin 1 interact with M1 to destablise the 

interactions between the matrix and the RNPs (Banerjee et al., 2014; Miyake et al., 

2019). After release, RNPs de-bundle within the cytoplasm and the individual RNPs 

traffic to the nucleus (Qin et al., 2019). 

 

1.6.7.2 Nuclear import, transcription and genome replication 

 

Influenza virus replication occurs in the nucleus, which allows the virus access to 

necessary cellular machinery. IAV RNPs are too large to enter the nucleus via 

passive diffusion, so require active import through the nuclear pore complex. Whilst 

all components of the RNP complex contain nuclear localisation signals (NLS), it is 

the NLS on NP that primarily mediate RNP transport into the nucleus (Bullido et al., 

2000; Cros et al., 2005; Ozawa et al., 2007). NLS on NP are recognised by importin-

α (also known as karyopherin-α) (O’Neill et al., 1995). Importin-α then recruits 

importin-β, which mediates transport of RNPs through the nuclear pore complex and 

into the nuclear sub-compartment.  

Transcription of viral genes occurs upon entry to the nucleus. Influenza polymerases 

lack the ability to produce 5’ mRNA caps, therefore IAV utilizes a process of cap-

snatching, whereby the 5’ cap from host mRNA is removed and transferred to viral 

mRNA. The 5’ end of the vRNA strand is bound to PB1, which induces 

conformational changes in PB2, allowing it to recognise and bind the 5’ cap structure 
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of a cellular mRNA (Guilligay et al., 2008). Next, the 3’ end of the vRNA strand binds 

within PB1 and base pairs with the 5’ end. This activates the endonuclease activity 

of PA, which cleaves the 5’ cap from the cellular mRNA (Dias et al., 2009). The 

snatched region of capped RNA then serves as a primer, annealing to the 3’ end of 

the vRNA (Reich et al., 2014). RNA elongation is catalyzed by PB1 and continues 

until the polymerase reaches a polyU sequence near the 5’ end of vRNA. Steric 

hindrance, due to the fact the that the 5’ end is bound to PB1, causes the 

polymerase to stutter, resulting in the addition of a poly-adenylated tail (Pritlove et 

al., 1999). This mechanism of polyadenylation allows IAV to forego cellular 

polyadenylation machinery, which is down regulated in NS1 induced host shutoff 

(Nemeroff et al., 1998).  

IAVs expand the coding capabilities of their genome by utilizing splicing machinery 

within the nucleus (reviewed by [Dubois, Terrier and Rosa-Calatrava, 2014]). 

Alternative splicing of segment 7 mRNA and segment 8 mRNA is required to 

produce core proteins M2 and NS2/NEP respectively (Lamb and Choppin, 1979; 

Inglis and Brown, 1981).  

Replication of the negative sense viral genome is also carried out by the polymerase 

complex, in a process independent to transcription. De novo replication of the vRNA 

results in a full-length copy, complementary to the vRNA (cRNA). The cRNA is 

assembled into an RNP like structure (cRNP), from which then serves as a template 

for production of copies of the vRNA genome (Fodor and Velthuis, 2020). The 

resident polymerase complex on the cRNP forms a dimer with another soluble 

polymerase complex (Fan et al., 2019). The interaction is stabilised by host protein 

ANP32A, which binds at the interface between the two heterotrimeric polymerase 

complexes (Carrique et al., 2020). The resident polymerase complex serves as the 

replicase and catalyzes the polymerisation of the nascent RNA strand in a primer 

independent process, while the soluble polymerase regulates the co-replicative 

assembly of RNPs by encapsulating the newly formed RNA strand with NP (Figure 

1-4) (Carrique et al., 2020). 
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1.6.7.3 Translation, maturation and trafficking of viral proteins 

 

Viral mRNA is exported from the nucleus for translation by cellular translational 

machinery. PB1, PB2, PA, NP, NS1, NS2, and M1 are translated by cytoplasmic 

ribosomes, while translation of membrane proteins HA, NA and M2 occurs in the 

rough endoplasmic reticulum (ER) (Figure 1-4). Protein components of the RNP 

complex are imported back into the nucleus after translation. PB2 and NP are 

transported via importin-α and importin-β (Cros et al., 2005; Tarendeau et al., 2007), 

while PB1 and PA form a heterodimer in the cytoplasm, prior to transport into the 

nucleus via β-importin Ran binding protein 5 (Deng et al., 2006).  

Translation of membrane proteins is mediated by ribosomes associated with the ER. 

After initiation of translation, hydrophobic signals on the nascent polypeptides are 

recognised by the signal recognition particle (Daniels et al., 2004; Dou et al., 2014). 

This directs the ribosome-mRNA complex to sec61, a translocon on the ER 

membrane (Görlich et al., 1992), that facilitates the translocation of the newly 

forming polypeptide chain into the ER lumen and partitioning of hydrophobic α-helix 

transmembrane domains into the lipid bilayer (Hessa et al., 2007) of the ER 

membrane. Folding of N-terminal domains of HA and NA are promoted with the 

addition of N-linked glycans (Daniels et al., 2004) and the recruitment of chaperone 

proteins (Hebert et al., 1997). HA, NA and M2 monomers are then oligomerized in 

the ER before transport through the Golgi apparatus (Figure 1-4). 

HA is translated as inactivated precursor HA0. To become activated, the protein 

must be cleaved to active subunits HA1 and HA2 (Klenk et al., 1975), via a 

monobasic or polybasic cleavage site. For highly pathogenic avian IAVs with multi-

basic cleavage sites, this cleavage is mediated in the Golgi apparatus by protease 

furin (Stieneke-Grober et al., 1992). For human IAVs and low pathogenic avian 

IAVs, with monobasic cleavage sites, cleavage has been shown to occur via 

transmembrane protease serine S-1 member 2 (TMPRSS2) or human airway 

trypsin-like protease (Böttcher et al., 2006; Chaipan et al., 2009). Both have been 

shown to localise to the plasma membrane in human epithelial cells (Böttcher et al., 

2006). 
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1.6.7.4 Egress, Assembly and Budding 

 

Nuclear export of newly formed RNPs is mediated by M1 and NEP/NS2. The C-

terminal domain M1 binds to NP in RNPs, while its N-terminal domain interacts with 

NEP/NS2. NEP/NS2, in turn, interacts with Chromosomal Maintenance 1 (CRM1) 

via two nuclear export signals. CRM1 is a nuclear export protein which, in 

association with Ran GTPase, mediates the transport of the RNPs through the 

nuclear pore complex and out of the nucleus (Reviewed by [Paterson and Fodor, 

2012]). M1 ensures the transport of RNPs is unidirectional, by blocking the nuclear 

localisation signals on NP (Bui et al., 1996). Transport of RNPs to the plasma 

membrane is dependent on GTPase Rab11 (Bruce et al., 2010; Momose et al., 

2011; Eisfeld et al., 2011; De Castro Martin et al., 2017), but the source of the 

endosomes is debated. Amorim et al. showed that newly exported RNPs are 

concentrated at the recycling endosome, near the microtubule organizing centre, 

via interactions proposed between PB2 and Rab11 (Amorim et al., 2011). Here, the 

RNPs associate with Rab11 positive vesicles, which then move along the 

microtubule network to the periphery of the cell (Figure 1-4) (Amorim et al., 2011; 

Bhagwat et al., 2020). M1 is also proposed to remain associated with the RNP 

complexes for transport to the plasma membrane via the microtubule network 

(Avalos et al., 1997). By contrast, Martin et al. demonstrated that RNPs are 

transported to the ER after nuclear export, where they associate with Rab11 positive 

irregularly coated vesicles derived from the ER which mediate their transport to the 

plasma membrane (De Castro Martin et al., 2017). After maturation in the ER and 

Golgi apparatus, viral membrane proteins are transported to the plasma membrane 

via their apical localisation signals through the trans-Golgi network secretory 

pathway. Some studies suggest that M1 can also associate with HA and NA here 

and progress through the trans-Golgi network to the plasma membrane (Zhang and 

Lamb, 1996; Ali et al., 2000). 

Concentration of viral proteins occurs at lipid raft regions of the plasma membrane, 

enriched in cholesterol and sphingolipids (Gerl et al., 2012). HA and NA contain raft-

targeting motifs within their transmembrane domains, which facilitates their 

concentration within these regions (Lin et al., 1998; Barman and Nayak, 2000). M1 

then assembles a matrix layer underneath the membrane, via interactions with the 

cytoplasmic tails of HA and NA (Figure 1-4) (Zhang et al., 2000; Chen et al., 2007; 

Leser and Lamb, 2017). RNPs are recruited via interactions between NP and M1 
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(Noton et al., 2007). M2 is excluded from lipid raft regions (Leser and Lamb, 2017), 

but accumulates at the edges of raft regions, ready to mediate scission of newly 

formed viral particles (Rossman et al., 2010).  

Once all the components have been assembled, membrane curvature must be 

induced to enable budding of new viral particles. This is thought to be achieved by 

a number of complementary mechanisms (reviewed by [Rossman and Lamb, 

2011]). First, accumulation of HA and NA on the external face of the membrane 

drives the membrane outward (Chlanda et al., 2015). Second, assembly of M1 to a 

helical matrix layer drives curvature (Chlanda et al., 2015) and subsequently 

extension of the virion (Peukes et al., 2020). Third, accumulation of curvature 

inducing lipids into one leaflet of the membrane (Jarsch et al., 2016). Finally, the 

actin cytoskeleton contributes to the extension of budding virions. This is evidenced 

by the detection of actin microfibrils within IAV particles by cryo-electron tomography 

and proteomic analysis (Vijayakrishnan et al., 2013; Hutchinson et al., 2014).  

Membrane scission is initiated by the M1-mediated recruitment of M2 to budding 

virions (Chen et al., 2007; Rossman et al., 2010). This process is independent of 

the endosomal sorting complex required for transport (ESCRT) machinery. Instead, 

insertion of an amphipathic helix from the M2 cytoplasmic tail into the membrane 

causes disruption to membrane curvature, mediating scission and therefore release 

of IAV particles (Figure 1-4) (Rossman et al., 2010). 

 

1.6.7.5 The role of NS1 and Immune antagonism 

 

NS1 is an essential viral protein, whose main function is to antagonize the cellular 

innate immune system, predominantly the IFN response, therefore allowing IAV to 

replicate (García-Sastre et al., 1998). NS1 functions at multiple stages during the 

replication cycle.  

NS1 inhibits the expression of type I IFN. Within the cytoplasm, NS1 interferes with 

the actions of pattern recognition receptor retinoic acid inducible gene I (RIG-I) by a 

number of mechanisms. NS1 forms a complex with RIG-I either directly or via an 

intermediary protein (Jureka et al., 2015). Additionally, NS1 associates with and 

inhibits positive regulators of RIG-I, including Tripartite Motif Containing 25 

(TRIM25) (Koliopoulos et al., 2018). This prevents TRIM25-mediated ubiquitination 
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of the RIG-I caspase activation and recruitment domain (CARD), which prevents its 

dimerization with the CARD on Mitochondrial antiviral-signaling protein (MAVS) 

(Jureka et al., 2020) and subsequent activation of the MAVS-dependent signaling 

pathway. This prevents phosphorylation of interferon regulatory factor 3 (IRF3), 

blocking its dimerization and translocation to the nucleus where it would activate 

expression of IFNβ. NS1 can also directly bind to RIG-I’s substrate, dsRNA, 

therefore sequestering it from recognition by RIG-I (Hatada and Fukuda, 1992). By 

a similar mechanism, NS1 also inhibits the action of interferon-induced protein 2, 5, 

-oligoadenylate synthetase (OAS), which is a cytoplasmic PRR that recognises 

dsRNA structures (Min and Krug, 2006). 

One of the most essential roles of NS1 is in inducing shutoff of cellular mRNA 

translation. This mechanism, combined with cap-snatching which results in the 

degradation of cellular mRNA, enables efficient shutoff of host cell translation, and 

allows IAV access to host translational machinery without competition from cellular 

mRNAs. In addition, it prevents the expression of antiviral proteins. NS1 binds to 

and inhibits cellular cleavage and polyadenylation factor 30 (CPSF30), which is 

essential for 3’ polyadenylation and export of mRNAs from the nucleus (Nemeroff 

et al., 1998). Accessory protein, PA-X further contributes to host shutoff by 

degrading cytoplasmic mRNAs (Khaperskyy and McCormick, 2015). Binding of NS1 

to dsRNA also blocks the dsRNA-dependent serine/threonine protein kinase R 

(PKR), that plays an autoinhibitory role in blocking translation initiation factor eIF2a 

(Lu et al., 1995). Further, NS1 was demonstrated to bind directly to eukaryotic 

initiation factor 2a (eIF2a) (Enami et al., 1994), which may promote the selective 

assembly of translation initiation complexes on viral mRNA. Combined, these data 

show that NS1 plays a multi-faceted role in host shutoff, by preventing processing 

of cellular mRNA and selectively promoting the translation of viral mRNA. 

NS1 also modulates cell growth, survival, and cell death pathways. NS1 activates 

phosphatidylinositol 3-kinase (PI3K) and downstream effector Akt/protein kinase B 

(PKB) (Ehrhardt et al., 2007). The PI3K-Akt signaling pathway has important roles 

in metabolic regulation, proliferation and cell survival (reviewed by [Hemmings and 

Restuccia, 2012]). Activation of this pathway is thought to prevent premature 

apoptosis of infected cells, allowing completion of replication and release of viral 

progeny (Ehrhardt et al., 2007). This contradicts with other studies that demonstrate 

viral factors are associated with inducing apoptosis. NA and PB1-F2 have both been 
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demonstrated to induce apoptosis (Chen et al., 2001). Zhirnov et al. shows that 

induction of anti- or pro- apoptotic signals are induced in a temporal manner. During 

early infection, NS1-mediated activation of PI3K-Akt signaling prevents apoptosis, 

but later, as the concentration of viral proteins within the cell increases, pro-

apoptotic signaling pathways, mediated by upregulation of p53, tip the balance and 

ultimately result in IAV-induced apoptosis (Zhirnov and Klenk, 2007).  

 

1.7 Respiratory Syncytial Virus 
 

1.7.1 Clinical impact  
 

RSV is hugely important respiratory virus and a leading cause of respiratory disease 

worldwide. The estimated rate of hospitalisation due to RSV infection in infants in 

western countries is approximately between 6-18% (Deshpande and Northern, 

2003; Hall et al., 2009). This presents a high burden of disease, considering 

approximately 40-69% of infants are infected for RSV by the age of one (Glezen et 

al., 1986; Andeweg et al., 2021), which rises to 90% by the age two (Andeweg et 

al., 2021). However, 99% of the disease burden and mortality associated with RSV 

infection occurs in developing countries (Nair et al., 2010), where RSV infection is 

the leading cause of mortality associated with lower respiratory tract infection 

(Lozano et al., 2012; Shi et al., 2017).  

In adults, RSV is a substantial cause of disease and in high income countries, RSV 

related mortality is predominantly associated with elderly, rather than infant, 

populations. In the UK, RSV infection results in over 8000 deaths, while in the USA 

this number rises to over 17000, with the vast majority of these deaths in adults over 

the age of 65 (Thompson et al., 2003; Fleming et al., 2015).  

RSV infection initiates in the nasopharynx, where it causes upper respiratory tract 

symptoms including runny nose, sneezing and fever. Progression of infection to 

lower respiratory tract tissue occurs in approximately one third of infections (Glezen 

et al., 1986). Lower respiratory tract infection (LRTI) manifests as bronchiolitis and 

pneumonia. Mild LRTI symptoms include coughing and wheezing, that self-resolve 

within days. In infants, progression of disease is characterised by shallow, rapid 

breathing, resulting in hypoxia. If hypoxia becomes more severe, respiratory failure 
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can occur (Collins and Karron, 2013). Respiratory symptoms may be more severe 

in infants due to the higher likelihood of obstruction due to narrow airways by 

inflammatory cells or sloughed cells of the respiratory epithelium. 

 

1.7.2 Therapeutic interventions 
 

Despite the devastating toll on infant health worldwide, there are currently no 

licensed vaccines against RSV. Enhanced respiratory disease following a trial of 

formalin-inactivated RSV vaccine in the 1960s (Kim et al., 1969) has presented 

ongoing challenges to vaccine design and trial procedures. There are a number of 

vaccine approaches under development - including live attenuated vaccines, mRNA 

vaccines, adenoviral vaccines, nanoparticle-based vaccines – many of which are in 

late-stage development or clinical trials (Swanson et al., 2020; Williams et al., 2020; 

Aliprantis et al., 2021; Karron et al., 2021). Vaccination strategies include targeting 

of both infants and individuals during pregnancy (Madhi et al., 2020). Vaccination 

during pregnancy was projected to prevent up to 355 thousand deaths over a 12 

year period if a vaccine is developed with 60% efficacy (Baral et al., 2020).  RSV is 

a challenging target for vaccination due to transient immunity, and frequent 

reinfection rates (Glezen et al., 1986; Hall et al., 1991) and late phase clinical trials 

have failed to meet clinical endpoints (Madhi et al., 2020). Further, the 

understanding of correlates of protection against RSV is still relatively limited and 

there are currently no clearly defined biomarkers for severe RSV disease. The World 

Health Organisation has developed a roadmap to accelerate development of RSV 

vaccines and guide the work of academic researchers and funders, alongside 

biotechnology and pharmaceutical industry to achieve this goal (Vekemans et al., 

2019).  

Palivizumab is the only licensed therapeutic targeted specifically to treat RSV 

infection. It is a humanized monoclonal antibody, targeting the fusion glycoprotein. 

Palivizumab is administered to high-risk infants as a prophylactic measure, to 

severe disease following RSV infection (Luna et al., 2020). It has been 

demonstrated to reduce hospitalisations by up to 50%, however, mutations 

conferring Palivizumab resistance have been identified (Adams et al., 2010; 

Hashimoto and Hosoya, 2017). Further prophylactic antibody therapies are currently 

undergoing clinical trials (Griffin et al., 2020).  
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A wide range of small molecule antivirals, predominantly targeting the fusion 

glycoprotein or polymerase protein, are also under development or clinical trials. 

Compounds with a range of inhibitory actions have been developed, including 

stabilizing the pre-fusion conformation of the F glycoprotein (Roymans et al., 2017) 

and inhibition of the polymerase L protein via nucleotide analogues or non-

nucleoside inhibitors (Wang et al., 2015; Noton et al., 2015; Coates et al., 2017). 

 

1.7.3 Taxonomy and subtypes 
 

Respiratory syncytial virus (RSV) is an enveloped virus, containing a single stranded 

negative sense RNA genome and belongs to the family, Pneumoviridae. This 

includes two genera: Pneumovirus, to which RSV belongs, and Metapneumovirus, 

to which HMPV belongs (Collins and Karron, 2013). Pneumoviridae are closely 

related to the Paramyxoviridae family, which is a large viral family that includes 

important human viruses transmitted via the respiratory tract, parainfluenza viruses 

(Respiroviruses), mumps virus (Rubullavirus) and measles virus (Morbillivirus). 

Additionally this family includes emerging viruses Hendra virus and Nipah virus 

(Plemper and Lamb, 2021). 

RSV is divided into two antigenic subtypes: RSV A and RSV B, defined by the 

reactivity with F and G glycoproteins with neutralising antibodies (Mufson et al., 

1985; T. Li et al., 2021). The two subtypes co-circulate within the human population, 

but often one subtype dominates in a given season. It is unclear if there is a 

difference in the clinical severity of infection between the two subtypes, with some 

studies reporting more severe disease with RSV A (McConnochie et al., 1990; 

Walsh et al., 1997; Papadopoulos et al., 2004), while others report no difference 

(Kneyber et al., 1996; Fodha et al., 2007).  

 

1.7.4 Genome Organisation 
 

RSV has a negative sense RNA genome, approximately 15.2 kb in size (Collins et 

al., 1986). It is a single strand of RNA that is not capped at the 5’ end or 

polyadenylated. It contains 10 genes, encoding 11 core proteins. The genes are in 

the following order from the 3’ end: NS1, NS2, N, P, M, SH, G, F, M2, L  (Figure 1-
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5) (Collins et al., 1986). Each gene encodes for a single protein, with the exception 

of M2, which contains two open reading frames, encoding M2-1 and M2-2 (Gould 

and Easton, 2007).  Each gene contains a highly conserved 9 nucleotide gene start 

sequence, and ends with a 12-14 nucleotide termination sequence, which contains 

a polyU sequence to enable polyadenylation (Kuo et al., 1997). NS1 to F genes are 

separated by short intergenic sequences with no obvious conservation, while the 

last two genes M2 and L contain a short overlapping region. The 3’ and 5’ ends of 

the genome contain extragenic regions, named the leader and trailer regions 

respectively (Figure 1-5) (Collins et al., 1986).  

 

Figure 1-5: Respiratory syncytial virus genome organisation. RSV contains a 

single stranded, negative sense RNA genome, containing 10 genes. Each box 

represents an individual gene and boxes are scaled to show relative size of each 

gene.  

 

The genes encoding structural proteins N, nucleoprotein; P, phosphoprotein; M, 

matrix protein; SH, small hydrophobic protein; G, attachment glycoprotein; F, fusion 

glycoprotein; and L, RNA dependent RNA polymerase, are conserved among all 

paramyxoviruses. NS1, non-structural protein 1 and NS2, non-structural protein 2 

and M2, are specific to pneumoviruses (Huang et al., 1985). 

 

1.7.5 Virus structure 
 

RSV is pleiomorphic virus, characterised by the formation of large spherical 

membrane bound virions, asymmetric shaped virions and filamentous virions 

(Liljeroos et al., 2013; Kiss et al., 2014). RSV filaments are approximately 120-

200nm in width and can extend for many microns in length (Liljeroos et al., 2013; 

Kiss et al., 2014; Ke et al., 2018). Despite containing genome, the infectivity of 

spherical virions is substantially less than filamentous virions, suggesting spherical 

virions may be the result of collapsed or defective virions. Freeze-thawing results in 
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a higher proportion of spherical virions, coupled with a loss of infectivity (Liljeroos et 

al., 2013).  

The surface of the virion is coated in the fusion glycoprotein (F) and attachment 

glycoprotein (G) (Figure 1-6A). Glycoproteins are arranged in a helical array, which 

is mediated by the matrix layer (Conley et al., 2021). Glycoproteins also appear to 

cluster into pairs, which may reflect functional pairing of F and G (Conley et al., 

2021). Infectivity is driven by the conformation of the F protein. F can exist in pre-

fusion or post-fusion conformations. Ke et al. demonstrated that on filaments, F is 

predominantly in the pre-fusion conformation, while on spherical particles it is 

predominantly post-fusion (Ke et al., 2018). Liljeroos et al. however identified 

filaments with both pre- and post- fusion conformations (Liljeroos et al., 2013). 

Formalin inactivated virions have been shown to contain F in the post-fusion 

conformation (Killikelly et al., 2016). The transition from pre-post fusion is 

irreversible and on infectious virions mediates membrane fusion (described in 

section 1.7.6.1). Therefore, virions predominantly containing F in the post-fusion 

have a substantial loss in infectivity. The RSV envelope also contains pentameric 

ion channels consisting of SH protein (Gan et al., 2012). SH is expressed in much 

lower abundancy than F and G.  

The viral envelope is derived from the host cell membrane. RSV infection was 

demonstrated to alter the lipid content of host cells, therefore composition of RSV 

envelopes may be altered compared to the host plasma membrane.  RSV 

incorporates integral membrane protein Caveolin-1 in distinct clusters within mature 

virions (Brown et al., 2002). 
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Figure 1-6: Structure of respiratory syncytial virus. (A) Schematic of the 

structure of an RSV filament showing organisation of glycoproteins, matrix layer, 

M2-1 and RNPs. (B) Image of an RSV filament generated by cryo-electron 

tomography. Scale bar indicates 200 nm.  

  

The matrix layer sits approximately 5 nm underneath the viral envelope (Liljeroos et 

al., 2013; Kiss et al., 2014). Matrix (M) protein monomers dimerize to their 

biologically active form (Förster et al., 2015), before oligomerizing into curved sheets 

(Conley et al., 2021). This results in a helically ordered assembly of M protein 

(Conley et al., 2021), that forms a tubular structure in filamentous virions (Liljeroos 

et al., 2013). The coverage of the matrix layer varies between virus morphologies, 

with filamentous viruses having the greatest amount of matrix, while spherical 

particles only have around 25% of membrane associated with matrix (Kiss et al., 

2014). In filaments, the matrix layer does not extend to the tip of the filament 

(Liljeroos et al., 2013).  Underneath the M matrix layer is a second, less ordered 

layer composed of M2-1 protein (Figure 1-6A) (Kiss et al., 2014; Ke et al., 2018). 

The M2-1 protein acts as a linker, between the N-terminal domain of M in the matrix 
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layer (Li et al., 2008) and the RNA genome in the RNP complex (Cuesta et al., 

2000). 

The RSV RNA genome is packaged with nucleoprotein (N) to form a 

ribonucleoprotein (RNP) complex (Figure 1-6A). The RNA-N complex forms a 

flexible left-handed helical nucleocapsid structure (Liljeroos et al., 2013; Bakker et 

al., 2013), that has a characteristic herringbone appearance by TEM (Bhella et al., 

2002b). Nucleocapsid ring structures have also been detected within RSV filaments 

and may represent transverse cross sections through larger RNP assemblies or 

may be products of aborted replication cycles (Bhella et al., 2002b; Conley et al., 

2021). The RdRP L protein and the phosphoprotein (P) also associate with the RNP 

to form the RNP complex (Cao et al., 2020). RSV virions, along with other 

paramyxoviruses, are polyploid, therefore multiple copies of the RSV genome 

packaged into nucleocapsids are incorporated into virions (Figure 1-6A) (Loney et 

al., 2009). Genome copies appear to be incorporated in the same direction, 

suggesting that there may be an interaction between the RNP and the tip of budding 

filament or M2-1 layer that directs directional packaging (Liljeroos et al., 2013). 

 

1.7.6 Replication cycle 
 

RSV preferentially infects ciliated cells in the upper respiratory tract and type I 

pneumocytes in the lung (Johnson et al., 2006). RSV tropism is further discussed in 

Chapter 5. The replication cycle of RSV is described in the following section (Figure 

1-7).  
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Figure 1-7: Respiratory syncytial virus replication cycle. Attachment 

glycoprotein, G, engages with receptors on the cell surface and fusion glycoprotein, 

F, engages with IGFR-1, which activates a signaling cascade that results in 

upregulation of co-receptor nucleolin at the cell surface (1). RSV virions are 

internalised by micropinocytosis, or fusion between viral and cellular membrane 

occurs directly at the plasma membrane (2). Conformational changes in the F 

protein induce fusion between viral and cellular membranes, allowing release of 

RSV RNPs into the cytoplasm (3). Transcription of viral genes occurs in the 

cytoplasm and is mediated by the RSV polymerase. Viral mRNAs are transported 

to the endoplasmic reticulum for translation. As N and P proteins accumulate within 

the cell, inclusion bodies are formed, which function as concentrated sites for 

transcription and replication. Sequential transcription of viral genes starts at the 3’ 

end of the genome and production of individual mRNAs are regulated by gene start 

and end sequences (4). Replication of the viral genome occurs within cytoplasmic 

inclusion bodies. Replication is mediated by the viral polymerase, via an anti-sense 

genome copy intermediate (5). Newly synthesized RNPs are trafficked to the 

membrane via Rab11 mediated pathways. Envelope proteins G and F are folded 
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and glycosylated within the Golgi apparatus, before transport to the plasma 

membrane via the secretory system (6). Viral proteins concentrate in lipid raft 

regions of the plasma membrane, in a process coordinated by F. Matrix 

polymerisation and interactions with F actin drive filament assembly and elongation 

(7). Some RSV virions are released and many remain cell associated (8).  

 

1.7.6.1 Attachment, Entry & Uncoating 

 

RSV attaches to respiratory epithelial cells via G, the attachment glycoprotein 

(Figure 1-7) (Levine et al., 1987). The outward facing domain of the G protein is 

composed of two large mucin like region and a heparin binding region.  In cell culture 

systems, the heparin binding domain of G mediates interactions with 

glycosaminoglycans (GAGs) on the surface on membrane proteins (Feldman et al., 

1999). Heparin sulphate was identified as an important attachment factor for RSV 

infection (Krusat and Streckert, 1997), however, the abundance of heparin sulphate 

in the airway epithelium is unclear and this finding may be a reflection of the in vitro 

cell culture system (Zhang et al., 2005; Johnson et al., 2015). CX3C-chemokine 

receptor 1 (CX3CR1) was also identified as an attachment factor (Tripp et al., 2001; 

Johnson et al., 2015), and studies in primary differentiated models of the airway 

epithelium show that RSV colocalizes with CX3CR1 in a G-dependent manner 

(Jeong et al., 2015). 

Once attached to the cell, the F glycoprotein binds to receptor, insulin-like growth 

factor 1 receptor (IGF1R) (Figure 1-7). This initiates a signaling cascade, activating 

Protein Kinase C zeta (PKCζ), which facilitates the recruitment on nucleolin from the 

nucleus to the cell surface  (Griffiths et al., 2020). The F1 subunit binds to nucleolin, 

which acts as a co-receptor, facilitating membrane fusion and entry to the cell 

(Tayyari et al., 2011)). The location of the fusion event is unclear. Studies report that 

fusion occurs in cholesterol rich regions of the plasma membrane (San-Juan-

Vergara et al., 2012), while a two-step process involving the endocytic pathway has 

also been described (Krzyzaniak et al., 2013). Krzyzaniak et al. describes the 

internalisation of RSV by macropinocytosis. Following internalisation, proteolytic 

cleavage of the F protein by a Furin-like protease induces the conformational 

change in F, inducing fusion of the viral and endosomal membranes (Figure 1-7) 

(Krzyzaniak et al., 2013). This cleavage event replaces the requirement for the 
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endosome to become acidified before fusion can occur. It is possible the RSV utlises 

both pathways to mediate entry, depending on the situation.  

On infectious virions, the majority of F proteins adopt the pre-fusion conformation. 

The pre-fusion conformation is unstable however, and a low energy barrier is 

required for it to irreversibly re-fold into the post fusion conformation (Liljeroos et al., 

2013). The trigger for conformational change when the virion comes into close 

contact with a target membrane is not full elucidated. The F protein is a trimer, which 

contains two fusion peptides per monomer that are buried in the centre of the protein 

in the pre-fusion conformation. On refolding, the trimer of F1 subunits of F refold into 

an α-helix bundle and the fusion peptides extend and insert into the proximal 

membrane. The F1 domain then continues to refold into trimer of hairpins motif, that 

brings the membranes close enough together for fusion to occur (Zhao et al., 2000). 

Once fusion of the membranes has occurred, RSV RNP is released into the 

cytoplasm.  

 

1.7.6.2 Transcription and genome replication 

 

Transcription and replication occur in the cytoplasm (Figure 1-7). Both processes 

are carried out by the RdRP complex, composed of polymerase (L) and cofactor 

(P). As well as ribonucleotide polymerisation, L mediates 5’ capping and cap 

methylation (Liuzzi et al., 2005; Cao et al., 2020). The P protein binds to L and 

induces conformational changes to bring together L protein domains into a closed 

conformation (Cao et al., 2020), which changes again to the open conformation 

once the RNA-nucleocapsid genome have been recruited. The P protein also acts 

as a tether, to join the L protein to the RNA-nucleocapsid genome and also binds to 

M2-1 (Selvaraj et al., 2018), which is required for RdRP transcriptase activity, but 

not for replicase activity (Yu et al., 1995; Fearns and Collins, 1999). 

Transcription is initiated at the promoter in the 3’ leader region of the genome 

(Tremaglio et al., 2013). This is the only promoter therefore transcription can only 

be initiated at this site. The RdRP complex carries out transcription of viral genes 

using a stop-start process, guided by the gene start and gene end signals flanking 

each gene (Kuo et al., 1997). When the polymerase reaches the gene start 

sequence of a gene it begins transcription. The complementary sequence to the 



58 
 

gene start signal on the nascent RNA is signal for 5’ capping and methylation by the 

L protein (Sutto-Ortiz et al., 2021), this process is essential for mRNA elongation 

(Liuzzi et al., 2005). M2-1 prevents premature termination of transcription, facilitating 

the transcription of full-length mRNAs (Fearns and Collins, 1999). When the RdRP 

complex reaches the gene end signal, it encounters a polyU signal, which causes 

polymerase stuttering and the polyadenylation of the 3’ end of the transcript (Kuo et 

al., 1997). The capped and polyadenylated mRNA transcript is then released and 

the polymerase complex continues to the next gene.  

Genome replication is also carried out by the RdRP complex, but without the 

requirement for M2-1 (Yu et al., 1995). In genome replication, the polymerase 

complex does not respond to gene start or gene end sequences, producing a full-

length anti-sense copy of the genome. The nascent anti-sense genome strand is 

encapsulated by nucleoprotein as replication progresses. Accumulation of low 

abundance protein, M2-2 (Bermingham and Collins, 1999); the binding of free 

nucleoprotein to P (Cao et al., 2020); and the association of matrix protein (M) to 

inclusion bodies (Ghildyal et al., 2002) are all proposed to be the mechanisms to 

induce switching between transcriptase and replicase activity. Once the anti-sense 

nucleocapsid has been produced, this serves as a template for production of new 

copies of the negative sense viral genome, which is encapsulated by newly 

translated nucleoprotein as replication progresses to form new viral RNPs.  

Transcription and replication occur within cytoplasmic inclusion bodies (Figure 1-7) 

(Lahaye et al., 2009). These are generated early during the infection cycle and the 

assembly of N and P were shown to be the minimal elements required for their 

formation (Galloux et al., 2020). These cytoplasmic bodies become factories of viral 

replication, to which other factors are recruited at different stages in the replication 

cycle, including host proteins involved in translation (Rincheval et al., 2017) and 

control of immune responses (Lifland et al., 2012). 

 

1.7.6.3 Translation, maturation and trafficking of viral components 

 

Viral proteins are translated in the ER (Figure 1-7). Unlike IAV, RSV does not induce 

host shutoff by degrading host mRNAs. Instead, RSV uses a number of 

mechanisms involving different viral proteins. RSV manipulates the ER stress 
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response to generate cytoplasmic stress granules that are distinct from viral 

inclusion bodies (Cervantes-Ortiz et al., 2016). Accumulation of SH in the Golgi 

apparatus has been implicated in this process (Triantafilou et al., 2013; Cervantes-

Ortiz et al., 2016). Inclusion body associated granules (IBAGs) are also formed 

during replication. These granules are positive for M2-1 and viral mRNA, but 

negative for N, P and L (Rincheval et al., 2017). It has been proposed that the 

formation of stress granules and IBAGs function as mRNA sorting stations within 

the cell, that may help to improve efficiency of translation of viral mRNAs (Rincheval 

et al., 2017). However, the function of stress granule formation in RSV infection is 

yet to be fully established. Non-structural protein 1 (NS1) has also been 

demonstrated to down-regulate transcription of host genes, by binding to regulatory 

elements on regions of chromatin near genes that are differentially regulated during 

RSV infection, including antiviral IFIT-family proteins (Pei et al., 2021). Additionally, 

M localises to the nucleus during the early stages of infection (Ghildyal et al., 2003), 

where it likely disrupts nuclear export of host mRNAs by binding to components of 

the nuclear pore complex (Faria et al., 2005). 

Transmembrane proteins F, G and SH are inserted into the membrane and folded 

in the ER before post-translational modifications are carried out in the Golgi 

apparatus (Figure 1-7) (Collins and Karron, 2013). G is highly glycosylated with N- 

and O-linked glycans and glycosylation occurs within the trans-Golgi network 

(Collins and Mottet, 1992). Membrane proteins are targeted to the apical plasma 

membrane via the trans Golgi network secretory pathway.  

Similar to IAV, the Rab11 mediated trafficking through the endosomal recycling 

pathway has been implicated in the transport of viral components to the plasma 

membrane (Figure 1-7) (Brock et al., 2003). Rab11-FIP2 mediates RSV transport 

within the apical recycling system and is involved in viral budding (Utley et al., 2008). 

To coordinate trafficking and assembly of both viral RNPs, comprised of the vRNA 

genome, N, L, P and M2-1, and envelope proteins, F, G and SH, the matrix protein, 

M, is recruited to both inclusion bodies (Ghildyal et al., 2002) and lipid raft regions 

of the plasma membrane (Marty et al., 2004). M coordinates the transport of RNPs 

from inclusion bodies to the plasma membrane, and the absence of M results in 

accumulation RNP in inclusion bodies. Mitra et al. demonstrated that in M null-

mutant cells, localisation of N, G and F is diffuse and not targeted to viral filaments, 
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indicating that M plays an essential role in both coordinating trafficking of viral 

proteins, and formation of filamentous particles (Mitra et al., 2012). 

 

1.7.6.4 Assembly and Budding 

 

Assembly of viral components preferentially occurs in lipid raft regions of the plasma 

membrane (Figure 1-7) (McCurdy and Graham, 2003; Fleming et al., 2006; Chang 

et al., 2012). The transmembrane domain and cytoplasmic tail of F have been 

implicated in its concentration to lipid raft microdomains at the apical surface of cells 

(Oomens et al., 2006). F is proposed to play a role in coordinating viral assembly at 

the plasma membrane as it independently localises to budding regions while other 

proteins do not (Henderson et al., 2002; Oomens et al., 2003; Fleming et al., 2006).  

RSV assembly is also proposed to occur within the cytoplasm. Vanover et al. 

suggest that assembly of filaments occurs within the cytoplasm, in endosomal 

compartments. Vesicles containing RSV glycoproteins go through a process of 

extension, mediated by dynein and the microtubule network. These extended 

vesicles then fuse to vesicles containing the RNP complex and M protein, before 

finally fusing with the plasma membrane, where particle elongation occurs (Vanover 

et al., 2017). 

Ke et al. used cryo-electron tomography to visualize RSV budding sites and showed 

that assembly initiates at the plasma membrane, where first virion components 

assemble at the plasma membrane, before the virion elongates and protrudes from 

the membrane (Ke et al., 2018). RSV filaments have been demonstrated to 

incorporate F actin, suggesting a role for actin in driving filament assembly or 

elongation (Jeffree et al., 2007; Liljeroos et al., 2013). Dimerization of M1 is essential 

for the budding of viral filaments, and mutagenesis of the dimer interface blocks 

filament formation (Förster et al., 2015). Polymerisation of M dimers into a helical 

lattice then drives filament elongation (Mitra et al., 2012; Förster et al., 2015; Conley 

et al., 2021). Finally, membrane scission occurs independently of the ESCRT 

complex and Vsp4, in a process involving Rab11-FIP2 (Utley et al., 2008).  
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1.7.6.5 Immune antagonism 

 

RSV encodes two specific proteins that antagonize the host innate immune system: 

NS1 and NS2 (Chatterjee et al., 2017; Pei et al., 2021). These genes are positioned 

at the 3’ end of the genome, meaning they are quickly transcribed upon infection 

(Collins et al., 1986). Additionally, structural proteins have also been shown to 

contribute to immune evasion (Ghildyal et al., 2003; Bukreyev et al., 2008; Lifland 

et al., 2012). 

NS1 and NS2 prevent the induction of interferon signaling. NS1 interferes with the 

pattern recognition receptor RIG-I indirectly, by targeting down-stream effectors. 

NS1 directly interacts with MAVs to block its interaction with RIG-I (Boyapalle et al., 

2012). It also interacts with TRIM25, to prevent ubiquitination of RIG-I (Ban et al., 

2018). NS2 directly interacts with the N-terminal domain itself, which prevents its 

association with MAVS (Ling et al., 2009). RSV also sequesters melanoma 

differentiation-associated gene 5 (MDA5) and MAVs, but not RIG-I, within RSV 

inclusion bodies via interactions with N (Lifland et al., 2012) NS1 and NS2 prevent 

the transcription of type I and II interferons by blocking transcriptional regulators. 

NS1 and NS2 prevent nuclear translocation of IRF3 and NS2 inhibits Nuclear Factor 

κB (NF-κB) (Spann et al., 2003). 

NS1 and NS2 also block the induction of a response to interferon. As described in 

section 1.7.6.3, NS1 induces host shut off by binding directly to chromatin. Many of 

the regions that NS1 interacts with are enhancer sequences proximal to genes 

involved in the interferon response (Pei et al., 2021). NS1 induces the expression 

of a micro-RNA, which downregulates the expression of interferon alpha/beta 

receptor 1 (IFNAR1), thus reducing the sensitivity of cells to interferon (Zhang et al., 

2016). NS1 and NS2 have been implicated regulation of the Signal Transducer and 

Activator of Transcription (STAT) proteins by multiple mechanisms. NS1 has E3 

ligase activity, which targets STAT2 for degradation (Elliott et al., 2007). NS2 

reduces phosphorylation, and therefore activation, of STAT1 (Ramaswamy et al., 

2006). NS1 also prevents nuclear translocation of STAT2 proteins (Lo et al., 2005). 

RSV also produces a soluble G protein from an alternative translational start codon 

within the transmembrane domain (Roberts et al., 1995). Soluble G is produced in 

abundance during early infection and secreted from cells, where it acts as decoy 

antigen for antibodies, allowing virions to evade neutralisation (Bukreyev et al., 
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2008). Further, a fractalkine-like motif on the membrane bound G has been 

demonstrated to reduce the influx of CX3CR1 positive leukocytes, including NK cells 

and T lymphocytes (Harcourt et al., 2006).  

 

1.8 Scope of project  
 

A diverse group of respiratory viruses cocirculate in human populations and occupy 

a shared ecological niche. Virus-virus interactions have been demonstrated to occur 

at the individual host level and impact observable outcomes including viral dynamics 

at the population scale and clinical outcomes of infections. Coinfection occurs quite 

frequently, however the biological mechanisms underpinning viral interactions at the 

host level remain poorly characterised, and this represents a substantial gap in our 

understanding of respiratory viral biology. It is currently unknown how unrelated 

respiratory viruses interact if both are replicating within the same respiratory tissue 

of a coinfected host. Additionally, the extent to which cellular coinfection occurs 

during natural infection is unclear and the implications of cellular coinfection are 

unknown. Further, within a coinfected cell, the potential points of interaction between 

viruses are yet to be elucidated.  

In this project, I sought to address some of these gaps in our understanding of viral 

interactions, by carrying out fundamental coinfection experiments to examine 

features of coinfected cells that may help identify specific points of viral interaction 

between taxonomically unrelated respiratory viruses. IAV and RSV were selected 

as model viruses for these experiments for a number of reasons. Firstly, these 

viruses are of extremely high clinical importance and contribute significantly to the 

global burden of respiratory disease. IAV and RSV have shared epidemiological 

features: the prevalence of both viruses peak during the winter season in temperate 

climates, and both viruses have a propensity to infect children and elderly 

populations. IAV and RSV also share tropism for cell types within the respiratory 

tract, so there is potential for direct contact between IAV and RSV infectious foci. 

Therefore, using a model of IAV and RSV coinfection, the overarching aim of this 

research project was to further the understanding of the biological mechanisms 

underpinning virus-virus interactions within coinfected cells and contribute to the 

understanding of the possibility of these events occurring during coinfection in the 

respiratory tract.   
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Chapter 2 

2 Materials and Methods 
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2.1 Materials  
 

2.1.1 Cell lines 
 

Human alveolar adenocarcinoma cell line (A549) cells (American Type Culture 

Collection [ATCC], CCL-185), Madin Darby canine kidney (MDCK) cells (ATCC, 

CCL-34) and HEp-2 (ATCC, CCL-23) cells were cultured in Dulbecco’s minimum 

essential media (DMEM), high glycose GlucoMAX with 10% foetal bovine serum 

(FBS). Cells were maintained at 37˚c, 5% CO2 in a humidified incubator. 

 

2.1.2 Primary cells 
 

Human bronchial epithelial cells (hBEC) (Epithelix) were cultured in Epithelix human 

airway epithelial cell medium (Epithelix; EP09AM) 37˚c, 5% CO2 in a humidified 

incubator. Cells were cultured in tissue culture flasks until 80% confluent. At this 

point, cells were trypsinised and seeded at 2x104 cells/transwell onto transwell 

inserts for 24-well plate with 0.4 µm pore size with a pore density of 1.6x106 pores 

per cm2 (Falcon, 734-0036). When cells were fully confluent on transwell 

membranes, apical media was removed to initiated air-liquid interface (ALI). Basal 

media was replaced with Pneumacult-ALI media (STEMCELL Technologies, 

05001). Basal media was replenished every 2-3 days. When cultures began 

producing mucus (approximately 20 days post ALI initiation), the apical surface of 

cultures was washed twice weekly with serum free DMEM.  

 

2.1.3 Viruses 
 

H1N1 influenza A/Puerto Rico/8/34 was rescued using an 8-plasmid rescue system 

in 293T cells and virus stocks were propagated in MDCK cells. ‘Color-flu’ virus 

A/Peurto Rico/8/34 with mCherry reporter insert in the NS1 gene open reading 

frame (Fukuyama et al., 2015) were kindly provided by Dr Edward Hutchinson and 

Dr Jack Hirst. RSV strain A2 (American Type Culture Collection, VR-1540) was 

grown in HEp-2 cells. RSV strain A2 containing GFP reporter gene was kindly 

provided by Professor Massimo Palmarini.  
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2.1.4 Antibodies 
 

2.1.4.1 Table 2-1: List of primary antibodies 
 

Target Supplier 
Catalogue 

number 
Species 

Working 
dilution 

RSV 
nucleoprotein 

Abcam AB22501 
Mouse 

monoclonal 
1/1500 

RSV fusion 
protein 

Abcam AB24011 
Mouse 

monoclonal 
1/1000 

RSV (whole virus) Abcam AB20745 Goat polyclonal 1/500 

IAV nucleoprotein 
European 

Veterinary Society 
(EVS) 

EVS238 
Mouse 

monoclonal 

IF: 1/1000  
Plaque 
assay: 
1/3000  

IAV 

haemagglutinin 

National Institute 
of Biological 

Standards and 
Controls (NIBSC) 

03/242 
Sheep 

polyclonal 
1/1000 

IAV 
haemagglutinin 

Sinobiological 11684-MM03 
Mouse 

monoclonal 
1/500 

Myxovirus 
resistance protein 

(MxA) 

Kindly provided by 
Georg Kochs 

M143 
Mouse 

monoclonal 
1/1000 

Cleaved caspase 
3 (CC-3) 

R&D Systems AF835 Rabbit 1/1000 

 

2.1.4.2 Table 2-2: List of secondary antibodies 
 

Target Conjugate Supplier 
Catalogue 

number 
Species 

Working 
dilution 

Mouse IgG 

 

Alexafluor-
488 

Sigma Aldrich SAB4600056 Rabbit 1/1000 

Mouse IgG 
Alexafluor-

594 
Abcam AB150108 Donkey 1/1500 

Mouse IgG 

Horse 
radish 

peroxidase 
(HRP) 

Cell Signalling 7076S Horse 1/1500 

Sheep IgG 
Alexafluor-

594 
Thermo Fisher A-11016 Donkey 1/1000 

Goat IgG Alexa Abcam AB175704 Donkey 1/500 
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2.2 General Methods 
 

2.2.1 Preparation of IAV stocks 
 

IAV stocks were propagated in MDCK cells. MDCK cells were seeded to achieve 

100% confluency on the day of infection. Flasks were inoculated with 10-100 pfu of 

low passage IAV stock for 1 hour, resulting in an MOI of approximately 1x10-5. After 

this, inoculum was removed and replaced with serum free DMEM with 1µg/ml 

trypsin-TPCK. Flasks were incubated 37˚c, 5% CO2 for 1-2 days until 90% cells had 

detached from the flask. Fluorescent reporter virus stocks were also monitored for 

fluorescence using a widefield fluorescent microscope. Media was collected from 

the flask and centrifuged at 1500 rpm for 10 minutes. Supernatant was retained and 

aliquoted, and stocks were stored at -80˚c. 

 

2.2.2 Preparation of RSV stocks 
 

RSV stocks were propagated in HEp-2 cells. HEp-2 cells were seeded in tissue 

culture flasks to achieve 70% confluency on the day of infection. Flasks were 

inoculated with low passage RSV stock at multiplicity of infection (MOI) 0.01 for 1.5 

hours. After this, inoculum was removed and cells were washed once with 

Dulbecco’s phosphate buffered solution (DPBS), before replacing with DMEM with 

5% FBS. Flasks were incubated for 3-5 days at 37˚c, 5% CO2 until approximately 

80-90% cytopathic effect was observed. RSV-GFP virus stocks were monitored for 

fluorescence using a widefield fluorescent microscope. For harvesting viral stocks, 

half of the volume of the media was retained, and cells were scraped and combined 

with this media in a falcon tube. Sterile glass beads were added to the falcon and 

stocks were vortexed for 1 minute to destroy cells and release cell associated virus 

particles. Stocks were then centrifuged at 1500-3000 rpm for 10 minutes, and 

supernatant was aliquoted to individual vials. Stocks were flash frozen on dry ice 

before transfer to -80˚c.  
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2.2.3 Titration of IAV stocks 
 

Ten-fold serial dilutions of virus were prepared in MEM with 1µg/ml trypsin TPCK, 

1µg/ml penicillin/streptomycin. Confluent MDCK cell monolayers were inoculated 

with sample dilutions and at 37°c for 1 hour, before overlay with infection media 

containing 0.6% Avicel. Plates were incubated at 37°c for 48 hours, followed by 

fixation with 4% formaldehyde and staining with 10% coomasie blue solution. 

Plaques were counted from duplicate wells and the mean count used to calculate 

titre in plaque forming units per millilitre (pfu/ml).  

For titration in A549 cells, serial dilutions were prepared in MEM, with 1% FBS, 

1µg/ml trypsin TPCK and 1µg/ml penicillin/streptomycin. Cell monolayers were 

inoculated with serial dilutions for 1 hour before overlay with infection media 

containing 0.6% Avicel. Plates were incubated for 72-96 hours, followed by fixation 

with 4% formaldehyde. Infectious foci were detected by immunostaining for IAV 

nucleoprotein. Monolayers were permeablised with 0.1% triton X100 for 10 minutes, 

followed by blocking in 2% bovine serum albumin (BSA) in PBS for 30 minutes. 

Primary antibody mouse anti-IAV nucleoprotein (NP) (European Veterinary Society, 

EVS238, 1/3000) was applied for 1 hour at room temperature, followed by washing 

with PBS. Secondary antibody rabbit anti-mouse IgG conjugated to horse radish 

peroxidase (HRP) (Cell Signalling, 7076S, 1/1500) was applied for 1 hour. Trueblue 

substrate (KPL, 5510-0050) was applied for 10 minutes, or until sufficient blue signal 

was detected. Foci were counted from duplicate wells and the mean count used to 

calculate titre in pfu/ml.  

 

2.2.4 Titration of RSV stocks 
 

Ten-fold serial dilutions of virus were prepared in DMEM with 5% FBS, 1µg/ml 

penicillin/streptomycin. Confluent HEp-2 cell monolayers were inoculated with 

sample dilutions and at 37°c for 1.5 hours, before overlay with infection media 

containing 0.6% Avicel. Plates were incubated at 37°c for 4-5 days, followed by 

fixation with 4% formaldehyde and staining with 10% coomasie blue solution. 

Plaques were counted from duplicate wells and the mean count used to calculate 

titre in pfu/ml.  
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2.2.5 Infection of A549 cells  
 

A549 cells were seeded at 1x105 cells per well in a 24-well plate, with or without 

13mm glass coverslips depending on the output of the experiment. Infections were 

carried out when cells were approximately 80% confluent. Inoculum was prepared 

by diluting virus stocks in DMEM containing 2% FBS and 1µg/ml trypsin TPCK to 

the correct concentration to achieve the desired MOI for the experiment. For mixed 

infections, IAV and RSV were diluted within the same media, to produce a single 

inoculum volume containing both viruses. Cell monolayers were washed once with 

DPBS before the inoculum volume was added. Plates were incubated with inoculum 

at 37˚c for 1.5 hrs. Following this, the inoculum was removed, cells were washed 

once with DPBS and overlaid with DMEM containing 2% FBS and 1µg/ml trypsin 

TPCK. 

 

2.2.6 Immunofluorescence for formalin fixed cells 
 

Monolayers were permeablised with 0.1% triton X100 for 10 minutes, followed by 

blocking in 2% BSA in PBS for 30 minutes. Primary antibodies were diluted in 2% 

BSA in PBS and applied for 1 hour at room temperature, followed by washing with 

PBS. Secondary antibodies were diluted in 2% BSA in PBS and were applied for 1 

hour at room temperature. Coverslips were mounted onto glass slides with Prolong 

Gold mounting media containing DAPI (Invitrogen, P36392). Cells in plates were 

incubated with 1 µg/ml Hoescht 33342 solution for 10 minutes to stain nuclei, prior 

to storage at 2-8˚c in DPBS. 

 

2.2.7 Statistical analysis and data visualisation 
 

Statistical analysis was carried out using Graphpad Prism version 9.1.0 or RStudio 

version 4.0.2. Statistical tests are described where applicable in the relevant method 

sections and figure legends within results chapters. Data was visualised using 

Graphpad Prism version 9.1.0 or RStudio version 4.0.2 using ggplot2 package. 

Figures were created in Adobe Illustrator and Biorender.com.  
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2.3 Chapter 3 specific methods 
 

2.3.1 Growth curves in A549 cells 
 

A549 cells were seeded at 2x104 cells per well in a 48-well plate. A549 cells were 

infected with IAV, RSV or synchronously infected with a mixed inoculum of IAV and 

RSV, diluted in DMEM, with 2% FBS and 1µg/ml trypsin TPCK. Single infections 

were carried out with RSV at a multiplicity of infection (MOI) of 4 and IAV at an MOI 

of 4, 0.4 or 0.04. Mixed infections were carried out with RSV MOI, combined with 

IAV MOI 4, 0.4 or 0.04. Triplicate wells containing A549 cells were inoculated in 48-

well plates and incubated at 37˚C, 5% CO2 for 1.5 hours, before the inoculum was 

removed and replaced with DMEM, with 2% FBS and 1µg/ml trypsin TPCK. Cells 

were incubated at 37˚C, 5% CO2 and supernatant from each infection was collected 

at 24, 48 and 72 hours post infection and stored at -80˚C prior to titration by plaque 

assay. Infectious titre was determined by plaque assay in MDCK cells or HEp-2 cells 

for IAV and RSV, respectively. Statistical significance was determined by Mann 

Witney test, * p<0.05, ** p<0.01, *** p<0.001, ns p>0.05. Infections were carried out 

in technical triplicate and three independent experiments were carried out.  

 

2.3.2 Mixed infections with IAV at staggered timepoints 
 

A549 cells were seeded at 1x105 cells per well in 24-well plates. Inoculum was 

prepared in DMEM, with 2% FBS and 1µg/ml trypsin TPCK. Cells were infected in 

triplicate with RSV at MOI 4 for 1.5 hours, followed by replacement of inoculum with 

DMEM, with 2% FBS and 1µg/ml trypsin TPCK. Cells were the incubated at 37˚C, 

5% CO2 for 6, 16 or 24 hours, before media was removed and replaced with 

inoculum containing IAV at MOI 0.04. Inoculum was applied for 1.5 hours, before 

removal and replacement with DMEM, with 2% FBS and 1µg/ml trypsin TPCK. A 

synchronous (0 hours) mixed infection was also carried out using a mixed inoculum 

of RSV at MOI 4 and IAV at MOI 0.04. At 24 hours post IAV infection, media was 

collected from each well and frozen at -80˚c, prior to determination of IAV infectious 

titre by plaque assay in MDCK cells. Experiments were carried out in technical 

triplicate and two independent experiments were carried out.  
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To determine the level of RSV infection at each experimental timepoint, A549 cells 

were seeded at 1x105 cells per well on 13 mm glass coverslips in 24-well plates. 

Cells were infected with RSV at MOI 4 for 1.5 hours and then incubated at 37˚C, 5% 

CO2 for 0, 6, 16 or 24 hours. Following incubation, plates were washed with PBS 

and fixed with 4% formaldehyde. Cells were stained according to the protocol 

detailed in section 2.2.6, using primary antibody mouse anti-RSV nucleoprotein 

(Abcam, AB22501, 1/1500) and secondary antibody rabbit anti-mouse IgG 

conjugated to alexafluor 488 (Sigma-Aldrich, SAB4600056, 1/1000). Confocal 

microscopy was carried out using Zeiss LSM880 AxioObserver microscope (ZEISS, 

Germany). Standard images were collected using GaAsP detector with 405 nm and 

488 nm excitation lasers, using 40x/1.4 plan-apochromat oil DIC M27 objective. 

 

2.3.3 Determining proportions of infected A549 cells 
 

A549 cells were seeded at 1x105 cells per well on 13 mm glass coverslips in 24-well 

plates. A549 cells were infected with IAV, RSV or synchronously infected with a 

mixed inoculum of IAV and RSV, diluted in DMEM, with 2% FBS and 1µg/ml trypsin 

TPCK. Single infections were carried out with RSV at a multiplicity of infection (MOI) 

of 4 and IAV at an MOI of 4, 0.4 or 0.04. Mixed infections were carried out with RSV 

MOI, combined with IAV MOI 4, 0.4 or 0.04. Virus was incubated on cells for 1.5 

hours at 37˚C, 5% CO2, before replacement with DMEM, with 2% FBS and 1µg/ml 

trypsin TPCK. Plates were incubated at 37˚C, 5% CO2 for 8 hours or 24 hours, prior 

to washing once with DBPS and fixation with 4% formaldehyde.  

Infected cells were detected by immunostaining using the protocol described in 

section 2.2.6, using primary antibodies sheep anti-IAV haemagglutinin (HA) 

(National Institute of Biological Standards and Controls [NIBSC], 03/242, 1/1000) 

and mouse anti-RSV nucleoprotein (Abcam, AB22501, 1/1500) and secondary 

antibodies donkey anti-sheep IgG conjugated alexafluor 594 (Thermo Fisher, A-

11016, 1/1500) and rabbit anti-mouse IgG conjugated to alexafluor 488 (Sigma-

Aldrich, SAB4600056, 1/1000). Confocal microscopy was carried out using Zeiss 

LSM880 AxioObserver microscope (ZEISS, Germany). Standard images were 

collected using GaAsP detector with 405nm, 488nm and 598nm excitation lasers, 

using 40x/1.4 plan-apochromat oil DIC M27 objectives. Images were collected as a 

3 x 3 tile scan and stitched together on Zeiss Zen Black software. Three tile scans 
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per coverslip were collected and areas were selected based on cell density using 

the DAPI channel. Images were processed using ImageJ version 1.53c. Window 

and level adjustments were made using the auto threshold, before colour channels 

were combined. Cells were counted manually using the cell counter plugin. Data 

was analysed in Graphpad Prism version 9.1.0. Statistical significance determined 

by Mann Witney test, * p<0.05, ** p<0.01, *** p<0.001, ns p>0.05. Infections were 

carried out in technical triplicate and three independent experiments were carried 

out.  

 

2.3.4 Immunofluorescence of Viral Proteins 
 

A549 cells were seeded at 1x105 cells per well on 13 mm glass coverslips in 24-well 

plates. Cells were infected with RSV MOI 4, IAV MOI 1 or a mixed inoculum of both 

viruses for 1.5 hours before media was replaced with DMEM, with 2% FBS and 

1µg/ml trypsin TPCK. At 24 hpi, cells were washed with DPBS and fixed with 4% 

formaldehyde.  

For co-staining with IAV NP and RSV N primary antibodies, coverslips were blocked 

with neat rabbit serum (Gentex, USA, GTX73221) for 30 minutes, followed by 

washing with PBS. Mouse anti-RSV N primary antibody (Abcam, AB22501, 1/1500) 

was diluted in 2% BSA in PBS and applied to coverslips for 1 hour at room 

temperature, followed by washing with PBS. Next, rabbit anti-mouse secondary 

antibody was diluted in 2% BSA in PBS and applied to coverslips for 1 hour, followed 

by washing with PBS. Samples were then subjected to a secondary blocking step 

in neat donkey serum (Gentex, USA, GTX73205), followed by staining with mouse 

anti-IAV NP primary antibody (European Veterinary Society, EVS238, 1/1000) and 

donkey anti-mouse IgG (Abcam, ab150108, 1/1000) as described in primary 

staining step. Slides were mounted with Prolong Gold mounting media with DAPI.  

For co-staining with IAV HA and RSV F, the general immunofluorescence protocol 

described in section 2.2.6 was used. Coverslips were stained with primary 

antibodies sheep anti-IAV haemagglutinin (HA) (NIBSC, 03/242, 1/1000) and 

mouse anti-RSV F (Abcam, ab24011, 1/1000), followed secondary antibodies 

donkey anti-sheep IgG conjugated alexafluor 594 (Thermo Fisher, A-11016, 1/1500) 

and rabbit anti-mouse IgG conjugated to alexafluor 488 (Sigma-Aldrich, 

SAB4600056, 1/1000). 
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Confocal microscopy was carried out using Zeiss LSM880 AxioObserver 

microscope (ZEISS, Germany). Standard images were collected using GaAsP 

detector with 405 nm, 598 nm and 488 nm excitation lasers, using 40x/1.4 or 63x/1.4 

plan-apochromat oil DIC M27 objective. Images were processed using FIJI, version 

1.53c. Imaging experiments were carried out at least twice independently.  

 

2.3.5 Live cell Imaging 
 

A549 cells were seeded at 1x105 cells per well in 24-well plates. Triplicate wells were 

infected with PR8-mcherry at MOI 1, RSV-GFP at MOI 1, a mixed inoculum of both 

viruses or mock infected with DMEM for 1.5 hours, before media was replaced with 

DMEM, with 2% FBS and 1µg/ml trypsin TPCK, containing 1µg/ml Hoescht 33342 

solution (Thermo Fisher Scientific, 62249) to stain nuclei. Plates were then 

transferred to a humidified chamber at 37˚c, 5% CO2 attached to Zeiss Live cell 

observer microscope. The plane of focus was registered for each well manually 

before imaging was started. Images were collected from three positions in each well 

every 15 minutes for 64 hours.  

Raw image data was processed to time series using Zen Blue software version 2.6. 

Fluorescent signal area was quantified using ImageJ version 1.53c. Time series 

were imported to FIJI as an image sequence and split to individual image channels. 

Window and level were adjusted using the zero hours image as a threshold for 

fluorescent signal and applied to the whole time series. Fluorescent signal was then 

binarized using the auto threshold command. The following macro was developed 

to select fluorescent signal as a region of interest and measure fluorescent area in 

pixels for in each individual timepoint image and collate data into a single results 

file.  

Run(“Set Measurements…”, “area redirect=None decimal=3”); 

For (n=1; n <=258; n++)  

{ setSlice(n); 

Run(“Create Selection”); 

Run(“ROI Manager…”); 

roiManager(“Add”) } 

roiManager(“Measure”); 

selectWindow(“Results”) 
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To measure timing of cell death, ten cells were selected at random from the first 

frame of each timeseries for all infection conditions. Cells were manually tracked 

through the timeseries until they underwent cell death, identified by morphological 

changes indicating cell destruction. The frame at which cells were detected to have 

undergone cell death was recorded and converted to time post infection.  

 

2.4 Chapter 4 specific methods 
 

2.4.1 Super resolution confocal imaging  
 

A549 cells were seeded at 1x105 cells per well on 13 mm glass coverslips in 24-well 

plates. Cells were infected with RSV MOI 4, IAV MOI 1 or a mixed inoculum of both 

viruses for 1.5 hours before media was replaced with DMEM, with 2% FBS and 

1µg/ml trypsin TPCK. At 24 hpi, cells were washed with DPBS and fixed with 4% 

formaldehyde. The general immunofluorescence protocol described in section 2.2.6 

was used. Coverslips were stained with primary antibodies sheep anti-IAV HA 

(NIBSC, 03/242, 1/1000) and mouse anti-RSV F (Abcam, ab24011, 1/1000), 

followed secondary antibodies donkey anti-sheep IgG conjugated alexafluor 594 

(Thermo Fisher, ab150108, 1/1500) and rabbit anti-mouse IgG conjugated to 

alexafluor 488 (Sigma Aldrich, SABA00046, 1/1000).  

For live cell staining, cells were seeded at 1x105 cells per dish in 35 mm glass 

bottom dishes. Thirty minutes prior to initiating staining, cell culture media was 

replaced with DMEM containing 1 µg/ml Hoescht 33342 solution (Thermo Fisher 

Scientific, 62249). Cells were maintained on ice throughout the staining protocol. 

Cells were washed with PBS prior to incubation with primary antibodies targeting 

IAV HA and RSV F as described above, for 5 minutes on ice. Cells were washed 

with PBS, followed by incubation with anti-sheep IgG and anti-mouse IgG secondary 

antibodies as described above for 5 minutes on ice. Cells were washed with PBS 

and kept in cold PBS on ice. Following staining, samples were immediately imaged 

by confocal microscopy.  

Super resolution confocal microscopy was carried out using Zeiss LSM880 

AxioObserver microscope (ZEISS). Images were collected using the airyscan 

detector with 405 nm, 598 nm and 488 nm excitation lasers, using 63x/1.4 plan-

apochromat oil DIC M27 objective. Z stacks were collected at 100 nm intervals.  
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2.4.2 Image processing and analysis 
 

Images were processed using ImageJ, version 1.53c. Z stacks were visualised 

using Zen Blue version 2.6, using the cut function to generate a two-dimensional 

image. Three dimensional images were visualised in Imaris viewer version 9.8.0. 

Imaging experiments were carried out at least twice independently.  

Fluorescence intensity profiles along filaments were collected in Zen Blue version 

2.6, using the profile function. All filaments within the selected region were 

measured by using the line tool to draw a line along the length of the filament from 

which fluorescence intensity profiles were generated.  

 

2.4.3 Scanning electron microscopy 
 

Cells were seeded at 2x105 cells/ml on 13 mm glass coverslips in 24-well plates. 

Cells were infected with IAV at MOI 4, RSV at MOI 4, or a mixed inoculum of both 

viruses for 1.5 hours, before media was replaced with DMEM, with 2% FBS and 

1µg/ml trypsin TPCK. Cells were then incubated for 24 hours at 37˚c, 5% CO2. At 

24 hpi, cells were fixed with 1.5% Glutaraldehyde in 0.1M sodium cacodylate buffer 

for 1 hour. Following this, samples were washed 3 times for 5 minutes each with 

0.1M sodium cacodylate buffer, before incubation with 1% osmium tetroxide for 1 

hour. Next, samples were stained with aqueous 0.5% Uranyl Acetate for 1 hour and 

further dehydrated through an ethanol series. Samples were then subjected to 

critical point drying using an Autosamdri-815 Critical Point Dryer (Tousimis, USA), 

before mounting and coating in 20nm Gold/Palladium using a Quorum Q150T ES 

High vacuum coating system (Quorum Technologies, UK). Images were collected 

using JEOL IT100 SEM at 20kV, with InTouch Scope software, version 1.05 (JEOL 

USA Inc., USA). Two independent experiments were carried out.  

Filament width measurements were carried out in ImageJ version 1.53c. Fifty 

measurements were collected from filaments across five images for each infection 

condition. Data was visualised in RStudio using the ggplot2 package. 
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2.4.4 Cryo-electron Tomography  
 

Gold 200 mesh TEM grids with holey carbon support film (Quantifoil micro tools 

GmbH) were placed in 35 mm glass bottom dishes. Grids were coated with 1:10 v/v 

laminin solution for a minimum of 6 hours prior to cell seeding. A549 cells were 

seeded at 4x104 cells per dish, to achieve an approximate density of 1-2 cells per 

grid square at 24 hours post cell seeding. Cells were infected with a mixed inoculum 

of IAV at MOI 1 and RSV at MOI 4 for 1.5 hours, after which the media was replaced 

with DMEM, with 2% FBS and 1µg/ml trypsin TPCK. Cells were then incubated for 

24 hours at 37˚c 5% CO2. Prior to plunge freezing, 5 μl of 15 nm colloidal gold 

(British Biocell International) was added at a ratio of 1:10 v/v in DMEM. Grids were 

then blotted for 7 seconds from the back (no cell side) and plunge frozen into liquid 

ethane using the Leica EM GP 2 (Leica Microsystems).  

Grids were screened on the JEOL F200 (Jeol Ltd) for quality prior to imaging for 

data collection. Tilt series were collected using the JEOL CRYO ARM 300 (JEOL 

Ltd) with an energy filter and DE64 detector (Direct Electron). Tilt series were 

acquired with the following parameters: voltage 300 KV, energy filter 30eV slit, 1.921 

Å/pixel pixelsize, 30000x magnification, -6 µm defocus, -60˚ to +60˚ tilt with a 3˚ 

increment, total dose of ~92 e/ Å2 per tilt series. Tilt series were collected using a 

dose symmetric scheme starting at 0˚ implemented in SerialEM.  

 

2.4.5 Tomogram construction and processing 
 

Tilt series were aligned using alignframes module in IMOD (Kremer et al., 1996). 

Tomograms were then reconstructed, ctf-corrected using CTFFIND (Rohou and 

Grigorieff, 2015) and visualised by weighted back projection using IMOD. To aid 

interpretation and visualisation, tomograms were binned by a factor of four and then 

denoised using Topaz (Bepler et al., 2020).  

 

2.4.6 Tomogram analysis 
 

Filament width and glycoprotein distance was calculated using the imodinfo module 

in IMOD (Kremer et al., 1996). Denoised tomograms were averaged between 5-10 

slices to improve contrast and glycoproteins were viewed from top down. Distances 
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were measured between the centres of pairs of adjacent glycoproteins. For IAV and 

RSV controls, spike measurements were collected from 11 individual tomograms 

for each virus (n=326 for IAV, n=236 for IAV). For pseudotyped virus, spike 

measurements were collected from each particle, from 4 individual tomograms 

(n=50 measurements per tomogram). Statistical difference between groups was 

determined by unpaired t-test. 

 

2.4.7 Viral entry assay in sialidase treated cells 
 

A549 cells were seeded at 1x105 cells per well in 24-well plates. Cells were infected 

with IAV at MOI 1, RSV at MOI 4 or mixed inoculum of both viruses for 1.5 hours, 

before media was replaced with DMEM, with 2% FBS and 1µg/ml trypsin TPCK. 

Infected cells were incubated for 24 hours at 37˚c 5% CO2. Following incubation, 

supernatant, containing released virus, was collected. The remaining cell 

monolayers were scraped and collected in suspension in DMEM. Cell suspensions 

were vortexed briefly to dislodge virus attached to cell fragments. Next, supernatant 

samples and cell suspension samples were centrifuged at 1500 rpm for 5 minutes 

to remove cell debris. Supernatant was retained as released and cell associated 

virus samples and used fresh (no freezing) in the neuraminidase assay.  

Neuraminidase from Clostridium perfringens (Sigma-Aldrich, N2876) was prepared 

by reconstituting in d.H2O to generate a 10 units/ml stock, followed by filtration 

through 0.45 µm sterile PES filter. The stock was stored in aliquots at -20˚c.  

For the neuraminidase assay, cells were seeded at 1x104 cells per well in 96-well 

plates 48 hours before the assay. Neuraminidase was diluted in DMEM 1mU/µl and 

cells were treated with 50mU neuraminidase for 2 hours. To confirm removal of sialic 

acids, neuraminidase treated cells and control cells were stained with biotinylated 

Maackia Amurensis Lectin II (MAL II) (Vector Laboratories, B-1265-1), followed by 

fluorescein conjugated streptavidin (Vector Laboratories, SA-5001-1) or Erythrina 

Cristagalli Lectin (ECL) conjugated to fluorescein (Vector Laboratories, FL-1141-5). 

Fresh released and cell associated virus stock were transferred neat (25 µl per well) 

into wells in triplicate containing neuraminidase treated or untreated cells, and plates 

were incubated for 1.5 hours. Following this, monolayers were washed with PBS, 

and media was replaced with DMEM, with 2% FBS. Fresh virus stocks were also 

transferred to neuraminidase treated cells on coverslips. Cells were incubated for 
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12 hours at 37˚c 5% CO2. 96-well plates were then fixed and immunostained using 

the protocol detailed in section 2.2.6 for IAV or RSV nucleoprotein, followed by rabbit 

anti-mouse 488 (Sigma Aldrich, USA, SABA4600056) secondary antibody. Infected 

cells were counted using Celigo automated cytometer (Nexcelom Bioscience), using 

two target expression analysis to detect NP signal and nuclei. Coverslips were fixed 

and stained for IAV HA and RSV F as described in section 2.2.6 and imaged using 

Zeiss LSM880 with airyscan detector. Viral entry experiments were carried out three 

times independently, confocal microscopy imaging was carried out once. Statistical 

difference between conditions was determined by unpaired t-test. 

 

2.4.8 Neutralisation assay 
 

Anti-IAV HA serum (NIBSC, 03/242) was titrated in 2-fold dilution series starting at 

1/100 dilution, against 104 pfu of IAV A/Peurto Rico/8/34 and RSV A2 stock to 

determine the working dilution range for IAV neutralisation and check cross-

reactivity with RSV. 

To generate virus stocks for the neutralisation experiment, A549 cells were seeded 

at 1x105 cells per well in 24-well plates. Cells were infected with IAV at MOI 1, RSV 

at MOI 4 or mixed inoculum of both viruses for 1.5 hours, before media was replaced 

with DMEM, with 2% FBS and 1µg/ml trypsin TPCK. Infected cells were incubated 

for 24 hours at 37˚c 5% CO2. Following incubation, supernatant, containing released 

virus, was collected. The remaining cell monolayers were scraped and collected in 

suspension in DMEM. Cell suspensions were vortexed briefly to dislodge virus 

attached to cell fragments. Next, supernatant samples and cell suspension samples 

were centrifuged at 1500 rpm for 5 minutes to remove cell debris. Supernatant was 

retained as released and cell associated virus samples and used fresh (no freezing) 

in the neutralisation assay.  

For the neutralisation assay, cells were seeded at 1x104 cells per well in 96-well 

plates 48 hours before the assay. Serum was diluted 1/100 in DMEM into triplicate 

wells in 96-well plates (50 µl per well). Serum-free wells were set up in parallel 

containing DMEM only. Fresh virus stocks containing released or cell associated 

virus were transferred neat (50 µl per well) to triplicate serum or control wells. Wells 

were mixed thoroughly by pipetting and the plate was stored at 4˚c for 2 hours.  
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Following incubation, samples were transferred using a multichannel pipette to wells 

containing A549 cells. Plates were incubated for 1.5 hours 37˚c 5% CO2. Following 

this, monolayers were washed with PBS, and media was replaced with DMEM, with 

2% FBS. Cells were incubated for 24 hours at 37˚c 5% CO2. Cells were then fixed 

and immunostained for IAV nucleoprotein, followed by rabbit anti-mouse 488 (Sigma 

Aldrich, USA, SABA4600056) secondary antibody. Infected cells were counted 

using Celigo automated cytometer (Nexcelom Bioscience), using two target 

expression analysis to detect NP signal and nuclei. Neutralisation in wells that 

contained serum was calculated as a percentage of the mean of the positive cell 

count in the control wells for each virus sample. Wells were also imaged by wide 

field fluorescence using the EVOS FL microscope using 20x objective. Experiments 

were carried out three times independently. Statistical difference between 

conditions was determined by unpaired t-test. 

 

2.5 Chapter 5 specific methods 
 

2.5.1 Viral Infections in hBEC cultures 
 

HBEC cultures were infected no earlier than 35 days post ALI initiation. The apical 

surface of cultures was washed with DMEM 24 hours prior to infection by applying 

pre-warmed DMEM to the apical surface of cultures and incubating at 37˚c, 5% CO2 

in a humidified incubator for 20 minutes, followed by removal. This washing step 

was repeated immediately before infection. Inoculum containing 105 pfu of IAV, RSV 

or a mixed inoculum of both viruses (105 pfu of each virus) was prepared in DMEM. 

Cultures were incubated with inoculum for 2 hours at 37˚c 5% CO2, after which the 

inoculum was removed and cultures were washed once with DMEM as described. 

Inoculum was back titrated back plaque assay to confirm virus input and served as 

the zero hours time point for growth curves. Two cultures were infected per infection 

and time point. Samples were collected from the apical surface of cultures at 24, 48 

and 72 hpi, by incubating with DMEM for 30 minutes. Sample were then removed 

and stored at -80˚c, prior to titration by IAV or RSV plaque assay. Transwells were 

then fixed with 4% formaldehyde for 1 hour, before paraffin embedding or storage 

at 4˚c in PBS.  
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2.5.2 Processing of paraffin embedded tissue sections 
 

After fixation, HBEC cultures were submitted to the University of Glasgow veterinary 

histology laboratory for processing. HBEC cultures were embedded in paraffin 

blocks, cut using a microtome to 2-3 µm thick sections and mounted on glass slides. 

Sections were stained with hematoxylin and eosin to confirm determine morphology.  

 

2.5.3 Immunofluorescence staining of paraffin embedded sections 
 

For immunofluorescence staining, sections were dewaxed by heating in an oven at 

60˚c for 1 hour. Next, slides were washed four times with xylene, each for 10 

minutes. Following this, sections were rehydrated via washes with 1:1 (v/v) 

Xylene:Isopropanol mixture, then 100%, 90%, 70% and 50% isopropyl alcohol 

solution each for five minutes. Sections were washed thoroughly with d.H2O and 

PBS. For antigen retrieval, sections were treated with proteinase K solution (Dako, 

S3020) for 15 minutes.  

Sections were mounted into humid chambers for immunostaining. Sections were 

permeablised with 1% triton X100 for 10 minutes, followed by three washes with 

PBS. Sections were blocked with 2% BSA in PBS for 30 minutes at room 

temperature. Primary antibodies, mouse monoclonal anti-IAV (A/Puerto Rico/8/34) 

HA (Sinobiological, 11684-MM03, 1/500), goat polyclonal anti-RSV (Abcam, 

AB20745, 1/500) or mouse monoclonal anti-MxA clone M143 kindly provided by 

Georg Kochs, were diluted in 2% BSA solution and applied to sections for two hours 

at room temperature, followed by washing with PBS. Secondary antibodies, rabbit 

anti-mouse IgG conjugated to alexafluor 488 (Sigma Aldrich, SABA00046, 1/1000) 

and donkey-anti goat IgG conjugated to alexafluor 568 (Abcam, ab175704) were 

diluted in 2% BSA solution and applied to sections for 1 hour in the dark at room 

temperature, followed washing with PBS and d.H2O. Slides were mounted with 

Prolong Gold mounting media containing DAPI (Invitrogen, P36392).  

 

2.5.4 Immunofluorescence staining of apical surface of transwells 
 

For apical staining, cultures were retained in tranwells and all steps were applied 

from the apical and basal surfaces. Cultures were permeablised with 1% triton X100 
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for 10 minutes, followed by three washes with PBS. Cultures were blocked with 2% 

BSA in PBS for 30 minutes at room temperature. Primary antibodies were diluted in 

2% BSA solution and applied to sections for one hour at room temperature, followed 

by four washes with PBS. Fluorophore conjugated secondary antibodies were 

diluted in 2% BSA solution, along with 2µg/ml hoescht 33342 nuclear staining 

solution (Thermo Fisher Scientific, 62249), and applied to sections for 1 hour in the 

dark at room temperature, followed by four washes with PBS and two washes with 

d.H2O. Cultures were cut from transwell supports and transferred to glass slides. 

Slides were mounted to a coverslip using Prolong Gold mounting media (Invitrogen, 

P36392). Slides were imaged by confocal microscopy on Zeiss LSM880 

AxioObserver microscope (ZEISS, Germany). Images were collected using GaAsP 

detector with 405 nm, 488 nm and 598 nm excitation lasers, using 40x/1.4 plan-

apochromat oil DIC M27 objective. 
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Chapter 3 

3 Characterising interactions 
between Influenza A virus and 
Respiratory Syncytial virus in 
an in vitro model of coinfection 

  



82 
 

3.1 Introduction 
 

Respiratory viruses have evolved to infect the respiratory tract, an ecological niche 

populated with viral pathogens and commensal viruses, bacteria and other 

microbiota. Despite this, viruses are predominantly studied in isolated systems. Viral 

coinfections represent between 10-30% of the respiratory viral infections detected 

(Martin et al., 2012; Nickbakhsh et al., 2016; Kim et al., 2020; Góes et al., 2020), 

but experimental investigations into the consequences of coinfection remain sparse. 

Animal challenge studies provide important insight into the complex interactions that 

occur during viral coinfection. Indirect interactions, where one virus renders the host 

refractory to infection by a secondary virus, are increasingly well characterised in 

the context of respiratory viral infections. Viral interference induced by IAV infection 

has been demonstrated to inhibit the replication of RSV in multiple challenge studies 

(Chan et al., 2018; Ayegbusi et al., 2019; Drori et al., 2020). Few studies, however, 

have attempted to identify and characterise direct interactions at the cellular level 

when viruses co-exist within the same tissue or coinfect the same cells. 

Studies investigating direct interactions between coinfecting viruses at the cellular 

level remain limited, but IAV and RSV coinfections have been described using in 

vitro cell culture systems. Drori et al. infected HEp-2 cells with IAV, followed by RSV 

after a three-hour interval or vice versa. They found that, compared to RSV single 

infection, RSV replication in the presence of IAV was significantly reduced (Drori et 

al., 2020). Further, Shinjoh et al. coinfected MDCK cells with IAV and RSV. They 

found that, in simultaneous coinfections and staggered infections up to 8 hours post 

RSV infection, infection by IAV significantly reduced RSV replication, while IAV 

replication kinetics remained the same in the presence of RSV (Shinjoh et al., 2000).  

However, when cells were infected with IAV 12 hours post RSV infection, RSV 

replication was unaffected. Additionally, they found that expression of RSV matrix 

(M) protein, nucleoprotein (N) and phosphoprotein (P) were reduced in coinfection, 

so concluded that competitive interactions during translation of IAV and RSV viral 

proteins resulted in suppression of RSV growth (Shinjoh et al., 2000). Virus induced 

cytopathic effects can also impact replication dynamics in coinfection. Parainfluenza 

virus (PIV) 2 induced cell fusion was demonstrated to increase the spread of IAV in 

both Vero cells and primary cells derived from the human respiratory epithelium 

(Goto et al., 2016).  
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Despite lacking representative features of the respiratory epithelium, in vitro cell 

systems have provided the essential groundwork that enables our understanding of 

respiratory viruses. Our fundamental knowledge of the structure and molecular 

biology of both IAV and RSV was uncovered by in vitro experiments. This wealth of 

data allows for mathematical modelling to aid our understanding of the factors 

influencing coinfection. In a modelling study combining in vitro replication data from 

a wide range of respiratory viruses, viral growth rate was determined to be an 

important predictor of the outcome of coinfection, with faster growing viruses like 

rhinovirus (RV) able to outcompete slower growing PIVs (Pinky and Dobrovolny, 

2016).  However, when using a stochastic version of the same model that accounts 

for the likelihood of random events impacting early infection, it was found that slower 

growing viruses may outcompete faster viruses, if they establish infection in a 

greater number of cells initially (Pinky et al., 2019). The impact of other events 

including  superinfection and tissue regeneration have been modelled and shown to 

contribute toward persistence in coinfection (Pinky et al., 2019).  Whilst alone these 

models may not provide a comprehensive understanding of viral dynamics during 

coinfection, mathematical models using published experimental data can generate 

new biological insights to be validated by experimental methods. Given that there is 

a wealth of published data on the growth kinetics, cytopathology and host 

interactions induced by respiratory viral infections, mathematical modelling has an 

important place in understanding the impact of viral coinfection. This could be of 

particular importance in modelling more complex interactions within the respiratory 

tract, where experimental studies are limited by ethical considerations, technical 

challenges and expense.  

This chapter describes the development of an in vitro model of coinfection using 

A549 cells, an adenocarcinoma cell line derived from the human lung (Giard et al., 

1973). A549 cells recapitulate features of type II alveolar pneumocytes (Lieber et 

al., 1976; Balis et al., 1984) and therefore provide an important model of the human 

respiratory epithelium. A549 cells are permissive to infection by both IAV and RSV 

and are used frequently in respiratory virus research. Here, fundamental 

characteristics of the replication cycles of IAV and RSV in A549 cells have been 

characterised, comparing phenotypes in single virus and mixed infections to identify 

potential novel sources of viral interaction within coinfected cells.  
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The overall objectives of this chapter were to determine if IAV and RSV interact 

during coinfection and to identify measurable consequences of those interactions. 

To this end, I set out to address the following aims. Firstly, to establish a coinfection 

system whereby features of IAV and RSV replication cycles can be selectively 

measured in a population of coinfected cells. Secondly, to determine the replication 

kinetics of IAV and RSV in single virus infection and coinfection and assessed how 

factors such as timing of infection and viral input influence replication dynamics. 

Finally, to identify potential sources of viral interactions that could be avenues for 

more detailed mechanistic studies, using multi-modal imaging experiments to 

characterise features of coinfection. 

 

3.2 Acknowledgements 
 

I would like to thank the following individuals for their contributions to the work 

described in this chapter. David Anderson carried out the staggered infections 

described in section 1.2.4, as part of his undergraduate honours project, supervised 

by myself and Pablo Murcia. Jack Hirst rescued the IAV-mCherry stock used in live 

cell imaging experiments. Colin Loney provided training and assistance in setting 

up parameters for the live cell imaging experiment.  

 

3.3 Results 
 

3.3.1 IAV and RSV titres can be selectively quantified by plaque assay 
 

In performing coinfection experiments, samples would be generated that contain a 

mixture of both IAV and RSV virions. Therefore, to determine the replication of IAV 

and RSV in a mixed infection, methods to selectively measure IAV and RSV 

infectivity had to be identified. 

To this end, plaque assay protocols were optimised to allow selective detection of 

IAV or RSV plaques. MDCK cells are predominantly used to propagate IAV to high 

titre and titrate IAV, due to their plaque forming phenotype (Gaush and Smith, 1968).  

MDCK cells were infected with 100 pfu/well of IAV or RSV and wells were treated 

under IAV plaque assay conditions. Cells were immunostained for IAV nucleoprotein 

(NP) or RSV nucleoprotein (N) to visualize plaques. In MDCK cells, IAV formed large 
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plaques, while no plaques or evidence of infection was identified following infection 

of MDCK cells by RSV (Figure 3-1).  

 

Figure 3-1: IAV and RSV can be selectively titrated by plaque assay by MDCK 

and HEp-2 cells. IAV and RSV were titrated in MDCK and HEp-2 cells under plaque 

assay conditions and immunostained to detect nucleoprotein (blue staining). IAV 

plaques were detected in MDCK cells but not in HEp-2 cells, whilst RSV plaques 

were detected in HEp-2 cells but not MDCK cells. 

 

HEp-2 cells are predominantly used to titrate RSV. Therefore, the experiment 

described above was repeated, this time infecting HEp-2 cells with RSV or IAV 

under protocol conditions optimised for the RSV plaque assay. In HEp-2 cells, RSV 

forms small, uniform plaques identifiable by immunostaining for RSV N. No IAV 

plaques were detected in HEp-2s immunostaining for IAV NP (Figure 3-1). 

These two cell lines are permissive to plaque formation by one virus, but not the 

other virus. Therefore, this provides a method to easily detect and quantify virus 

from a sample that contains both IAV and RSV infectious particles.  
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3.3.2 IAV replication kinetics are unchanged in mixed infection with RSV 
 

To establish the growth kinetics of each virus in A549 cells viral replication was 

measured over a 72-hour time series. A549 cells were infected with IAV, RSV or a 

mixed inoculum of both viruses. Infections were carried out at high multiplicity of 

infection (MOI) (MOI=4) to facilitate a high degree of coinfection and to model high 

MOIs produced in advanced stages of infection, when IAV and RSV infectious foci 

may come into contact in the respiratory tract.  

Replication of IAV was determined in single infection and mixed infection with RSV. 

In single infection, IAV replication peaked by 24 hours post infection (hpi) and 

plateaued for the remaining time course (Figure 3-2). In mixed infection with RSV, 

IAV replication was not inhibited by coinfection and IAV replicated to the same or 

marginally higher titres at 72 hpi.  

 

Figure 3-2: IAV replication unchanged during coinfection with RSV. A549 cells 

were infected with IAV alone at MOI 4 or in combination with RSV at MOI 4. 

Replication kinetics of IAV in single virus infection (magenta line, circle points) or 

mixed infection with RSV (blue line, square points). The zero hours timepoint is the 
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viral input in the inoculum. Lines connect medians of 9 replicate data points per time 

point, from 3 independent experiments. Statistical significance determined per 

timepoint by Mann Witney test, ** p<0.01, p≥0.05 not indicated. 

 

RSV replication in single infection increased between 24-48 hpi and started to 

plateau between 48-72 hpi. RSV titres reached 107 pfu/ml at 72 hpi, but the peak of 

replication was not captured within the time series measured. In coinfection with 

IAV, RSV replication was significantly reduced across all experimental time points 

and there was high variability in titre across replicate experiments (Figure 3-3).  

 

 

 

Figure 3-3: RSV replication is reduced during coinfection with IAV. A549 cells 

were infected with RSV alone at MOI 4 or in combination with IAV at MOI 4. 

Replication kinetics of RSV in single virus infection (green line, circle points) or 

mixed infection with IAV (blue line, square points). The zero hours timepoint is the 

viral input in the inoculum. Lines connect medians of 9 replicate data points per time 
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point, from 3 independent experiments. Statistical significance determined per 

timepoint by Mann Witney test, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

3.3.3 Reducing IAV input MOI relative to RSV input does not impact 
replication dynamics in coinfection 

 

In infections at equivalent MOI, RSV was slower to reach its infection peak than IAV 

in single infection and replicated to significantly lower titres in mixed infection. 

Reducing IAV infectious input relative to RSV may therefore provide RSV with an 

advantage that might allow it to overcome the inhibition induced by IAV, while 

disadvantaging IAV, the faster growing virus. To test this, IAV input MOI was 

reduced 10-fold (MOI=0.4) or 100-fold relative (MOI=0.04) to RSV input (MOI=4).  

Despite the reduction in input titre relative to RSV, IAV was still able to replicate to 

the same or greater titres in mixed infection compared to single IAV infection (Figure 

3-4A and B). This implies that IAV may be tolerant to presence of RSV and is able 

to replicate as efficiently in its presence as alone. Conversely, RSV replication was 

negatively impacted by coinfection, regardless of IAV input, suggesting that IAV has 

a competitive advantage over RSV in the coinfection system (Figure 3-4C and D).  
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Figure 3-4: Reducing IAV input does not affect viral replication kinetics in 

coinfection. IAV replication in single infection (magenta line) or mixed infection with 

RSV MOI=4 (blue line), at (A) MOI=0.4 or (B) MOI=0.04. RSV replication in single 

infection (green line) or mixed infection (blue line) with IAV at (C) MOI=0.4 or (D) 

MOI=0.04. The zero hours timepoint is the viral input in the inoculum.  Lines connect 

medians of 9 replicate data points per time point, from 3 independent experiments. 

Statistical significance determined per timepoint by Mann Witney test, * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001, p>0.05 not indicated.  
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3.3.4 Staggered infections show that IAV can superinfect and establish 
replication in cells prior infected with RSV 

 

To determine if timing of infection could be a more important determining factor in 

the outcome of mixed infections, A549 cells were first infected with RSV at high MOI 

(MOI=4) or mock infected, followed by IAV at low MOI (MOI=0.04) at varying time 

intervals. This MOI combination was selected to represent the greatest challenge to 

IAV, as to overcome combined disadvantages of the time delay and the low input 

concentration, would require uninhibited IAV replication and spread in the RSV 

infected cell population to reach the same levels of IAV replication as in mock 

infected cells. 

Time points for IAV staggered infection were selected to represent different stages 

of the RSV replication cycle. A six-hour time point represents a relatively early stage 

in RSV replication before release of new infectious RSV virions, while 16 hours and 

24 hours represented time points where at least one replication cycle had been 

completed. A zero-hour timepoint was also included as a control. To determine the 

stage of replication, cells were infected with RSV and fixed at each experimental 

time point and stained for RSV nucleoprotein (N) (Figure 3-5A). No staining was 

observed at zero hours. At 6 hours, small cytoplasmic RSV inclusion bodies could 

be identified in cells, which are sites of genome replication and transcription of viral 

genes. At 16 hours diffuse N staining could be observed in infected cells, along with 

larger inclusion bodies. Diffuse staining was again observed at 24 hours, while other 

cells showed signs of the earlier stages of RSV replication, indicating multi cycle 

RSV replication (Figure 3-5A).  
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Figure 3-5: IAV can establish infection in cells previously infected with RSV 

and replicate to the same or higher titres. (A) Immunofluorescence staining for 

RSV nucleoprotein (green) at each timepoint shows RSV at different stages in the 

infection cycle. Scale bars indicate 20 µm. (B) IAV titre collected 24 hours after 

staggered infection with IAV (magenta bars) or mock infection (grey bars), at various 

times after the primary RSV infection. Data from two independent experiments, 

statistical significance determined by Mann Witney test, ** p<0.01, ns p≥0.05.  

 



92 
 

Staggered infections were performed by infecting cells with RSV, or mock infecting, 

followed by infection with IAV at 0, 6, 16 or 24 hours post RSV infection. Cells were 

then incubated for a further 24 hours, then samples were collected for titration by 

IAV plaque assay. RSV titre was not measured in this experiment. Figure 3-5B 

shows IAV titres in staggered mixed infections or mock infected controls. IAV 

replicated to at least the same titre in all staggered infections with RSV, compared 

to mock primary infections. In fact, at 6 and 16 hours staggered timepoints, IAV 

replicated to significantly higher titres (6 hours p=0.0022, 16 hours p=0.0087 by 

Mann Witney test) in the RSV infected cultures compared to the mock infection. This 

indicates that IAV can superinfect a population of cells that were previously infected 

with RSV and can replicate to the same efficiency as in single IAV infection. Further, 

as demonstrated in simultaneous infections these experiments show that presence 

of RSV may provide an advantage for IAV replication, as IAV can replicate to slightly 

higher titres in mixed infections.  

 

3.3.5 The proportions of cells infected with IAV and RSV was altered 
between single and mixed infections 

 

Viral growth kinetics indicate that RSV replication was decreased in coinfection, 

while IAV replication was unaffected or even increased by the presence of RSV. 

However, experiments measuring viral replication do not provide information about 

what occurs at the individual cell level. It is possible that the interactions that result 

in the observed growth kinetics may be the result of altered cell-cell spread of IAV 

and RSV. Alternatively, the same number of cells may be infected, but they could 

have a different capacity to produce and release infectious virus. 

To determine the status of infection of cells during single and mixed infection with 

IAV and RSV, cells were infected using the same MOI combinations used in 

replication experiments (Figures 3-2 to 3-4). Cells were fixed at 8 and 24 hpi and 

then immunostained for IAV haemagglutinin (HA) and RSV nucleoprotein (N) and 

imaged by confocal microscopy (Figure 3-6 and 3-7). Proportions of cells infected 

with each virus were quantified manually from images. 
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Figure 3-6: IAV and RSV infection in single and mixed infection at 8 hpi. Cells 

were infected with IAV and RSV, fixed at 8 hpi and all samples were stained for both 

IAV HA (magenta) and RSV NP (green) and DAPI (blue). (A) IAV infection at 8 hpi, 

following infection at MOI 4, 0.4 or 0.04. (B) Mixed infection with RSV at MOI 4 and 

IAV at MOI 4, 0.4 or 0.04. (C) RSV single infection at MOI 4. (D) Mock infected cells. 
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Figure 3-7: IAV and RSV infection in single and mixed infection at 24 hpi. Cells 

were infected with IAV and RSV, fixed at 24 hpi and all samples were stained for 

both IAV HA (magenta) and RSV NP (green). (A) IAV infection at 8 hpi, following 

infection at MOI 4, 0.4 or 0.04. (B) Mixed infection with RSV at MOI 4 and IAV at 

MOI 4, 0.4 or 0.04. (C) RSV single infection at MOI 4. (D) Mock infected cells. 
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At 8 hpi, a dose-dependent relationship was observed between cells positive for IAV 

HA and IAV input (Figure 3-8A), with 88% of cells positive for HA at 8 hpi following 

infection with IAV at MOI=4, compared to 7% at MOI=0.04 (Figure 3-8A). At 8 hpi, 

37% of cells were positive for RSV N, despite infection at high MOI (MOI=4) (Figure 

3-8A). In mixed infection at high MOI (both viruses MOI=4), half of cells were 

identified as coinfected. Interestingly, a greater proportion of cells were uninfected 

in the coinfection, compared to IAV only infection (Figure 3-8A).  

At 24 hpi, a relationship between the proportion of IAV infected cells and IAV input 

MOI was still observed (Figure 3-8B), with fewer cells than expected positive for IAV 

at MOI=0.04 based on the replication kinetics described previously (Figure 3-4A). In 

single RSV infection, the proportion of cells infected with RSV rose to 65% (Figure 

3-8B). In mixed infection, the majority of cells were coinfected with both IAV and 

RSV in infections with IAV at MOI=4 and MOI=0.4. This suggests that there was no 

barrier to infection of the same cell by both IAV and RSV. Surprisingly, only 20% of 

cells were coinfected by 24 hpi in mixed infection with IAV at MOI=0.04 (Figure 3-

8B). This seems to contradict IAV replication kinetics at the IAV MOI=0.04, which 

show that by 24 hpi, IAV replication reaches comparable titres to infections starting 

with higher input MOI (Figure 3-4B).  
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Figure 3-8: Total cell population stratified by infection status. Proportions of 

cells infected with IAV (magenta bars) or RSV (green bars), coinfected (blue bars) 

or uninfected (white bars). Data across single and mixed infection conditions shown 

for (A) 8 hpi and (B) 24 hpi. Bar shows mean proportion from 9 replicates from 3 

independent experiments. Error bars indicate standard error of the mean (SEM).  

 

The total number of cells positive for viral antigen was calculated (i.e., single infected 

plus coinfected) to determine the overall expression of viral proteins or spread of the 

viruses in coinfection.  At 8 hpi, there was a significant reduction in the total number 

of cells positive for IAV in mixed infection at MOIs 4 (p= 0.000166 by Mann Witney 

test) and 0.4 (p= 0.005567 by Mann Witney test), compared to single infection at 

the corresponding MOIs (Figure 3-9A). This suggests that, during the initial round 

of replication, IAV infected less cells in mixed infection than in single infection. 

Alternatively, as expression of viral protein was measured, this finding could reflect 
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a delay in expression of IAV HA in coinfected cells. At 24 hpi there were no 

significant differences between the proportion of IAV infected cells detected in single 

or mixed infection (Figure 3-9A).  

At 8 and 24 hpi, there was a significant increase in RSV positive cells detected in 

mixed infection compared to single RSV infection (Figure 3-9B). At 8 hpi, this effect 

appears to be dose dependent in relation to IAV MOI, so may reflect a positive 

interaction in coinfected cells to promote the expression of RSV proteins. There was 

no evidence of cytopathic effect or cell death at 8 hpi, so this is unlikely to impact 

the relative proportions of infected cells observed. At 24 hpi, the proportion of RSV 

infected cells was significantly greater in mixed compared to single infection across 

all MOI combinations (Figure 3-9B). This contrasts with replication data measuring 

released virus (Figures 3-3 and 3-4), which show a marked reduction in RSV titre 

24 hpi in mixed infection.  

Overall, cell spread is altered in mixed infection compared to single infection and 

the trends observed seem counter-intuitive compared to replication trends in mixed 

infection. This highlights the importance of understanding viral coinfection at the 

level of individual cells, as well as overall viral replication, to get a more 

comprehensive understanding of dynamics of viral infection.  
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Figure 3-9: Total number of cells infected with IAV or RSV in single or mixed 

infection. (A) Comparison of total proportion of cells positive for IAV HA (infected 

with IAV-only or coinfected) in single IAV infection (magenta bars) or mixed infection 

(blue bars) at 8 and 24 hpi. (B) Comparison of total proportion of cells positive for 

RSV NP (infected with RSV-only or coinfected) in single RSV infection (green bars) 

or mixed infection with IAV MOI 4, 0.4 or 0.04 (blue bars) at 8 and 24 hpi. Statistical 

significance determined by Mann Witney test, * p<0.05, ** p<0.01, *** p<0.001, ns 

p≥0.05. 
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3.3.6 Live cell imaging reveals kinetics of infection 
 

Whilst analysis of static timepoints provides valuable insight, live cell imaging allows 

real-time analysis of infection spread, morphological changes and cell death. To 

visualise the kinetics of IAV and RSV coinfection more broadly, coinfections were 

carried out using fluorescently tagged viruses.   Fukuyama et al. developed ‘Color-

flu’, a tool kit of IAVs stably expressing fluorescent reporter proteins (Fukuyama et 

al., 2015). H1N1 A/Puerto Rico/8/34 encoding an mCherry fluorescent reporter 

protein in the NS1 open reading frame was used in our experiments. RSV A2 

encoding a GFP fluorescent reporter was used to visualise RSV infection.  

A549 cells were infected with IAV-mCherry, RSV-GFP or a mixed inoculum of both 

viruses at MOI=1 and transferred to the live cell microscope immediately to begin 

imaging. Infections were maintained within a humidified incubator through the 

duration of the experiment and images were collected automatically every 15 

minutes from three positions on each well, for a total of 64 hours. Figure 3-10A 

shows images collected at timepoints across the experiment and fluorescent signal 

was quantified using an image analysis pipeline to quantify signal area per frame 

(Figure 3-10B and C). 

Expression of mCherry was observed by 6 hpi in IAV single infections (Figure 3-

10B) and peaked around 16 hpi. By 36 hpi, the mCherry signal had reduced, and 

then remained constant through the rest of the time course, which likely reflects 

virus induced cell death and residual mCherry signal, which could be visualised by 

the rounding of infected cells (Figure 3-10D). Expression of GFP in RSV single 

infections was detected at later timepoints, between 12-18 hpi, and slowly increased 

across the rest of the time series (Figure 3-10C). Wide-spread syncytia formation 

could be observed at late time points (Figure 3-10E). Whilst there was some cell 

death predominantly due to the collapse of syncytia, a high proportion of RSV 

infected cells remained alive at the end of the time series.  

In the mixed infection, coinfected cells expressing both mCherry and GFP could be 

observed (Figure 3-10F). GFP expression in mixed infection was substantially 

reduced compared to RSV single infection (Figure 3-10C). By 36 hpi, GFP signal 

was almost entirely eliminated, which is was likely a consequence of cells 

expressing GFP undergoing cell death. In contrast, IAV-mCherry was observed 

widespread across wells in the mixed infection and the level of expression of 
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mCherry was unchanged between single IAV infection and mixed infection (Figure 

3-10B).  

 

Figure 3-10: Live cell imaging shows dynamics of infection in single infection 

and coinfection. A549 cells were infected with IAV-mCherry, RSV-GFP or a mixed 

inoculum of both viruses and the infection was imaged by live cell microscopy for 63 

hours. (A) Frames collected in single IAV-mCherry (red), RSV-GFP (green) or mixed 

infection at specified timepoints. (B) Mean fluorescence area over time shows 

kinetics of expression of IAV NS1 in single infection (magenta line) and coinfection 

(blue line). Standard deviation is shown by thin lines. (C) Fluorescence area shows 

RSV replication is substantially reduced in coinfection with IAV. Standard deviation 

is shown by thin lines. Figures (D-F) show features of each infection condition. (D) 
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Cells infected with IAV-mCherry at 23 hpi, showing some rounded dead cells, 

indicated by white arrows. (E) Cells infected with RSV-GFP at 57 hpi showing 

extensive syncytia formation, indicated by red ellipses. (F) Mixed infection showing 

coinfected cells producing both mCherry and GFP at 15 hpi, white arrows indicate 

coinfected cells.  

 

A clear contrast between the cytopathic effects induced by IAV and RSV was shown 

through the live cell imaging. While cells infected with IAV rapidly underwent cell 

death, cells infected with RSV favoured cell survival and syncytia formation, with 

many infected cells remaining alive until the end of the time series. In the mixed 

infection, many infected cells underwent cell death, however some cells coinfected 

survived until the end of the time series. RSV has been demonstrated to induce pro-

survival and anti-apoptotic signalling pathways (Bitko et al., 2007; Groskreutz et al., 

2007). For this reason, cells coinfected with IAV and RSV, compared to cells 

infected with IAV alone, may be more likely to survive for a longer time post infection, 

due to RSV-mediated delay to induction of apoptosis. To determine if there was a 

difference in cell survival in single infected or coinfected cells, cells were randomly 

selected from the start of each imaging series (n=10 cells, from 8-9 replicate image 

series) and manually tracked through the frames, until they showed sign of infection 

via expression of fluorophores. They were tracked until they underwent cell death, 

at which point the timing of cell death was recorded, or if they didn’t die, the time 

was recorded as 64 hours: the full length of the time series. Cells that did not show 

sign of infection were excluded in the dataset (Summarised in Figure 3-11A). 

Figure 3-11B shows the differences in the kinetics of cell death between IAV-, RSV-

infected or coinfected cells from single or mixed infection. In IAV single infection, the 

majority of tracked cells underwent cell death quickly with an average time of cell 

death of 30.4 hours post infection (Figure 3-11B). In contrast, RSV infection resulted 

in much longer cell survival times, with the mean time of cell death at 55.1 hours 

post infection, and many cells survived until the end of the time series (64 hours) 

(Figure 3-11B). In mixed infection, there was a significant increase in average cell 

survival time (p<0.0001 by unpaired t-test) between cells positive for both IAV and 

RSV (IAV+RSV+) compared cells infected with IAV only (IAV+), with mean survival 

times of 24.8 hours and 32.6 hours for IAV+ and IAV+RSV+ cells respectively 

(Figure 3-11B). This supports the hypothesis RSV induced pro-survival signalling 
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pathways may balance against pro-apoptotic pathways induced by IAV, allowing 

cells infected with both viruses to survive longer. This may provide a competitive 

advantage for IAV, by enabling each coinfected cell to have a longer productive 

infection period, potentially facilitating the assembly, release of more infectious 

virions before the cell undergoes cell death. Interestingly, IAV+ cells from the mixed 

infection also had a lower survival (p=0.0011 by unpaired t test) time than infected 

cells in the IAV single infection (Figure 3-11B), indicating that there may be other 

factors alongside infection status that impact cell survival, for example cytokine 

signalling in response to coinfection.  

 

Figure 3-11: Cell survival is reduced following IAV infection compared to RSV 

infection. (A) Schematic depicting how cell survival was measured. (B) Timings of 

cell death in IAV (magenta, [n=90])) and RSV (green, [n=80]) single infection and 
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mixed infection (pink and blue). In mixed infection, cells were stratified to those 

infected only by IAV (pink, [n=90]) and coinfected cells, positive for IAV-mCherry 

and RSV-GFP (blue, [n=90]). Each point represents an individual cell that was 

tracked from the start of the time series to the time of cell death. Black lines show 

the median and statistical significance determined by unpaired t-test, ** p<0.01, **** 

p<0.0001. 

 

3.3.7 IAV and RSV establish replication cycles in coinfected cells and 
localisation of nucleoproteins are similar to single virus infections  

 

Analysis of replication dynamics, viral spread and live cell imaging of infected cell 

populations provides important information about the global impact of infection.  

However, to understand if viruses interact within cells, coinfected cells were 

analysed at the single cell level. 

Cells on glass coverslips were infected with IAV (MOI=1) and RSV (MOI=4) to 

achieve a high degree of coinfection and fixed at 24 hpi. Cells were stained for the 

nucleoproteins of both viruses, IAV NP and RSV N. Due to the fact that both 

monoclonal antibodies were raised in mice, a sequential staining protocol was 

optimised to enable specific detection of both viruses. First, cells were blocked with 

rabbit serum, then incubated with the mouse monoclonal anti-IAV NP primary 

antibody, followed by incubation with an anti-mouse IgG secondary antibody raised 

in rabbit. Next, cells were blocked for a second time with donkey serum, followed by 

incubation with mouse monoclonal anti-RSV N primary antibody, then incubation 

with anti-mouse IgG secondary antibody raised in donkey. Figure 3-12 shows a 

panel of infections showing specific detection of IAV NP or RSV N in IAV or RSV 

single or mixed infections. Co-staining using a sequential staining protocol did not 

result in cross-staining between secondary antibodies, or background for either 

primary antibody (Figure 3-12).  
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Figure 3-12: Nucleoprotein antibodies do not cross react using sequential 

staining protocol. A549 cells were infected with IAV (MOI=1) and RSV (MOI=4) 

for 24 hours, before fixation and staining for IAV and RSV nucleoprotein. Cells were 

imaged by confocal microscopy on Zeiss LSM880. IAV NP (magenta) and RSV N 

(green) antibodies both raised in mice do not exhibit cross reactivity and have no 

background signal. All samples were stained using the same protocol with both 

primary antibodies. Scale bars indicate 20 µm. 

 



105 
 

Using a combination of standard confocal microscopy and super-resolution confocal 

microscopy, nucleoprotein localisation was analysed with single infected and 

coinfected cells. The localisation of viral nucleoprotein in infected cells gives an 

indication of the status of infection and the progression of the viral replication cycle. 

IAV replicates its genome within the nucleus and as infection progresses, individual 

RNPs containing genome segments are trafficked out of the nucleus and towards 

the cell edges, therefore NP can be seen localised within the nucleus and diffuse 

throughout the cell or concentrated to the outer edges of the cell depending on the 

stage of infection (Figure 3-13A). In RSV infection, N assembles to cytoplasmic 

inclusion bodies, which are sites of genome replication and transcription (Lahaye et 

al., 2009; Galloux et al., 2020) (Figure 3-13B).  In some cells, N assembles into 

filament shaped structures at the cell surface, which represents RNP packaged into 

budding RSV filaments extending from the cell (Figure 3-13B).  

 

Figure 3-13: Localisation of IAV or RSV nucleoprotein in single infection. A549 

cells were infected with IAV (MOI=1) and RSV (MOI=4) for 24 hours, before fixation 

and staining for IAV and RSV nucleoprotein. Cells imaged by confocal microscopy 

on Zeiss LSM880. (A) IAV NP staining (magenta) in single IAV infected cells at 24 

hpi. Cytoplasmic NP staining is diffusely localised or localised towards cells. White 

box shows region magnified in central image, showing diffuse cytoplasmic NP 

staining, with some staining in nucleus. (B) RSV N staining (green) in single RSV 

infected cells at 24 hpi. White boxed region is magnified in central image. Staining 
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is cytoplasmic and inclusion bodies can be identified (yellow arrows) along with 

filamentous structures extending from the cell edge (pale blue arrows). Scale bars 

indicate 20 µm. 

 

In coinfected cells, the features of the replication cycles of both viruses can be 

observed in varying stages of infection. IAV NP staining can be observed within the 

nucleus and the cytoplasm of coinfected cells alongside cytoplasmic RSV N positive 

inclusion bodies (Figure 3-14A). 

 

Figure 3-14: Localisation of IAV NP and RSV N in coinfected cells. A549 cells 

were infected with IAV (MOI=1) and RSV (MOI=4) for 24 hours, before fixation and 

staining for IAV and RSV nucleoprotein. (A) Coinfected cells displayed features of 
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the replication cycles of both IAV and RSV. RSV inclusion bodies are indicated by 

orange arrow, nuclear localisation of IAV NP is indicated by red arrow. Cells were 

imaged by confocal microscopy on Zeiss LSM880. Scale bar indicates 20 µm. (B) 

RSV N displayed features of late replication cycle and assembled into filamentous 

structures (light blue arrow). Inset of white boxed region shows IAV NP and RSV N 

localised in close proximity at plasma membrane. Cells were imaged by super-

resolution confocal microscopy on Zeiss LSM880 with Airyscan detector. Scale bar 

indicates 10 µm. 

 

Viral RNPs are trafficked to the cell membrane for assembly of new viral particles. 

In coinfected cells, IAV NP and RSV N can be observed localising to the same 

regions of the plasma membrane (Figure 3-14B inset). RSV N assembles to 

filamentous structures within the cytoplasm in some coinfected cells (Vanover et al., 

2017) and some N positive structures can be observed extending from the cell edge 

(Figure 3-14B). This indicates that RSV can establish and progress its replication 

cycle in a cell coinfected with IAV and suggests both viruses may be tolerant to the 

presence of the coinfecting virus. This observation contrasts with replication data, 

which showed that the infectious titre of RSV released into the supernatant was 

significantly reduced in coinfection, particularly at later timepoints. The negative 

interaction between IAV and RSV may therefore be impacting assembly or release 

of infectious RSV, rather than earlier stages in the RSV replication cycle. 

 

3.3.8 IAV and RSV glycoproteins localise to the plasma membrane in 
coinfected cells 

 

IAV NP and RSV N localised to the same regions of the plasma membrane of 

coinfected cells, therefore it is reasonable to assume that these could be sites of 

viral assembly. To determine if other viral proteins also concentrate to the same 

regions of the plasma membrane, cells were stained for IAV and RSV glycoproteins. 

The major glycoproteins from each virus were selected: IAV HA and RSV fusion 

glycoprotein (F). There was no cross-reactivity detected between IAV HA (magenta) 

and RSV F (green) antibodies (Figure 3-15). Some background was observed in the 

mock and RSV-infected wells following staining for HA, although this appeared to 
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bind to cellular membrane structures, rather than cross-reacting with RSV proteins 

in infected cells (Figure 3-15).  

 

Figure 3-15: Panel of co-staining with IAV HA and RSV F. A549 cells were 

infected with IAV (MOI=1) and RSV (MOI=4) for 24 hours, before fixation and 

staining for IAV HA and RSV F. Cells were imaged by confocal microscopy on Zeiss 

LSM880. There was no cross-reactivity detected between IAV HA (magenta) and 

RSV F (green) antibodies. Colocalisation of proteins is shown by white signal. Scale 

bar indicates 20 µm. 
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In IAV single infected cells, HA was localised in the cytoplasm and at the surface of 

coinfected cells (Figure 3-16A). Pleiomorphic HA-positive particles were stuck to the 

coverslip around infected cells, and these are likely to be released IAV virions 

(Figure 3-16A). In RSV single infection, RSV was primarily localised to sites of 

budding virus at the cell surface, and filamentous structures positive for F were seen 

extending from infected cells (Figure 3-16B).  

In coinfected cells, both glycoproteins localised to the cell surface and colocalisation 

of both HA and F was observed. Further, both glycoproteins appeared to colocalise 

in regions of filamentous structures (Figure 3-16C). These filaments were positive 

for RSV F and similar in morphology to RSV filaments in single infection, suggesting 

that these structures were budding RSV. The detection of HA within these regions 

implies that HA is not actively excluded from regions of RSV budding, therefore 

mixing of viral components may occur within these regions.  

 

Figure 3-16: Localisation of IAV HA and RSV F in single and mixed infections. 

A549 cells were infected with IAV (MOI=1) and RSV (MOI=4) for 24 hours, before 
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fixation and staining for IAV HA and RSV F. Cells were imaged by confocal 

microscopy on Zeiss LSM880. (A) IAV single infection displays diffuse HA staining 

(magenta) in the cytoplasm of infected cells. (B) RSV F staining (green) in RSV 

single infection is primarily localised to the cell surface, at sites of filament budding. 

(C) In mixed infection, coinfected cells are positive for both HA and F and 

glycoproteins mix in regions of budding filaments (indicated by yellow arrows). White 

signal indicates colocalisation of HA and F. Scale bars represent 20 µm. 

 

3.4 Discussion  
 

This chapter describes the development of an in vitro model of coinfection between 

IAV and RSV, in which key phenotypes of infection were characterised for both IAV 

and RSV single virus infections and coinfections. 

To selectively measure IAV and RSV replication in coinfection, MDCK and HEp-2 

cells were validated to allow the identification of plaques by IAV or RSV respectively. 

Plaque assays allow the quantification of infectious virions, i.e., those containing a 

complete genome, capable of establishing infection. This provides important 

information on the overall fitness of each virus in mixed infection. However, the 

limitation of this measure is that it does not capture the true yield of progeny virions 

- infectious, semi-infectious and defective – that are produced. IAVs have a high 

particle to infection ratio, with only 1-10% of particles produced capable of 

independently establishing infection (Donald and Isaacs, 1954; Enami et al., 1991; 

Tremaglio et al., 2013). Similarly, RSV has also been demonstrated to produce 

defective interfering particles and they are required for establishing persistent 

infection in human epithelial cell lines (Valdovinos and Gómez, 2003). Due to time 

constraints, genome replication was not measured by qPCR, however this would be 

an important experiment to carry out, to quantify infectious and non-infectious 

genomes and determine if particle to pfu ratios are altered in mixed infection. This 

could indicate whether interactions occurring during viral assembly or genome 

packaging may be influencing the observed growth kinetics. 

Viral replication experiments showed that IAV replication was uninhibited by the 

presence of RSV and in fact, IAV replicated to marginally higher infectious titres in 

mixed infection. Conversely, RSV replication was significantly reduced in coinfection 

with IAV. This observation is consistent with in vitro coinfection experiments (Shinjoh 
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et al., 2000; Drori et al., 2020), and animal challenge studies which all report a 

reduction in RSV gene expression or infectivity in coinfection with IAV (Shinjoh et 

al., 2000; Chan et al., 2018; Ayegbusi et al., 2019; Drori et al., 2020). Goto et al. 

demonstrated that IAV replication was increased in coinfection with parainfluenza 2 

(PIV2) due to cell fusion induced by PIV2, which facilitated IAV spread. RSV induces 

syncytium formation in A549 cells, therefore this interaction may have contributed 

towards the observed increase in IAV titre.  However, this interaction may not be of 

physiological relevance. Whilst formation of syncytium has been reported in 

histopathological analysis of human RSV infections (Johnson et al., 2007), it is 

unlikely to be a widespread cytopathology that would contribute to substantial 

increases in IAV spread within the respiratory tract.  

To provide a competitive advantage to RSV, IAV input was reduced 10-fold and 

100-fold relative to the input of RSV. However, this did not impact viral replication 

phenotypes and RSV replication was still significantly reduced in mixed infection, 

despite the relative reduction in IAV input virus. IAV was still able to replicate to the 

same or higher titres in the presence of a greater inoculum of RSV. This implies that 

the negative interactions that result in a reduction in RSV titre occur despite IAV 

being at an initial competitive disadvantage, and that RSV does not appear to exert 

negative interactions that impact IAV replication.  

Further, staggered infections were carried out, where cells were first infected with 

RSV, followed by IAV infection up to 24 hours after the primary infection with RSV. 

IAV replicated to significantly higher titres at 6 and 16 hours and the same titre at 

24 hours staggered infections compared to mock primary infections, despite 

infecting cells that were already actively infected by RSV. This shows that cells do 

not become refractory after infection by RSV, which allows IAV to superinfect, 

resulting in coinfection. This experiment was not carried out in the reverse order with 

IAV as the primary infecting virus, however it would be interesting to determine if 

cells infected by IAV are permissive to infection by a secondary unrelated virus, as 

superinfection exclusion is known to occur between related IAV strains (Sun and 

Brooke, 2018). Timing of infection may be an important regulator of superinfection 

and perhaps leaving a longer delay between primary and secondary infection would 

result in different infection outcomes. Interestingly, Czerkies et al. reported in a 

recent pre-print that after a delay of 30 hours between primary RSV infection and 

secondary IAV infection, IAV preferentially superinfected RSV infected cells, rather 
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than uninfected bystander cells, as the bystander cells were refractory to infection 

due to RSV-induced antiviral signalling (Czerkies et al., 2021). Other coinfection 

studies have showed that rhinovirus (RV), a strong inducer of the interferon (IFN) 

response, blocks the replication of SARS-CoV-2 and IAV, by rendering all cells 

refractory to secondary infection (Wu et al., 2020; Dee et al., 2021; Cheemarla et 

al., 2021).  Further experiments investigating the role of the cellular innate immune 

response are important in establishing how viral interference interactions contribute 

to IAV and RSV dynamics in coinfection. Both viruses possess potent anti-viral 

proteins non-structural protein 1 (NS1) for IAV and NS1 and NS2 for RSV (Reviewed 

by [Hao, Wang and Li, 2020; Thornhill and Verhoeven, 2020]). A549 cells are IFN 

competent (Xiao et al., 2013; Hillyer et al., 2015), but no reduction to IAV titre was 

observed during staggered infection or when IAV input titre was low. Down 

regulation of innate immune signalling in a cell primarily infected by RSV may 

facilitate superinfection. In staggered infections, experiments were carried out with 

RSV at high MOI, so all IAV in the secondary infection may have occurred by 

superinfection. Reducing RSV MOI in the primary infection would be an important 

experimental variation, to confirm if IAV preferentially infects RSV infected cells due 

to RSV immune antagonism mechanisms, while being unable to infect refractory 

bystander cells. This could have important implications in understanding the 

likelihood of opportunities for IAV and RSV to directly interact at the cellular level 

within the coinfected respiratory tract. 

To understand viral dynamics at the cellular level, the proportion of cells infected 

with IAV, RSV or coinfected were determined for single and mixed infections, at 

matched MOIs to replication kinetics experiments. Replication kinetic data showed 

that IAV titre was the same or increased in coinfection at 24 hpi and this was 

matched by the proportion of IAV positive cells (IAV infected and coinfected), where 

there was no significant difference between single and mixed infection. However, at 

the earlier timepoint of 8 hpi, the proportion of IAV+ cells was significantly lower in 

mixed infection at IAV MOIs 4 and 0.4, compared to corresponding single infections. 

Conversely, a higher proportion of cells were positive for RSV in mixed infections, 

at both 8 and 24 hpi, despite observing a reduction in RSV titre at 24 hpi in growth 

kinetics experiments. Differences in cell survival post infection by IAV and RSV may 

explain the trends observed. If cell survival is promoted in cells positive for RSV 

infection (RSV-only or coinfected), they may be over-represented in mixed infection 

by 24 hpi, by surviving longer than cells infected only with IAV. Therefore, the 
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observed proportion of RSV infected cells may be inflated, due to removal of IAV 

infected cells from the observed population. However, at 8 hpi, there was no 

evidence of cell death, therefore other interactions that promote the expression of 

RSV N in coinfection must be occurring. It is possible that IAV-induced signalling 

pathways allow the acceleration of the RSV replication cycle and translation of N, 

which in turn creates competition interactions that slow the replication of IAV and 

expression of HA. IAV induces host shutoff to repress translation of cellular mRNA, 

allowing preferential translation of viral mRNA. This is achieved by reducing the level 

of cellular mRNA, rather than the preferential promotion of viral mRNA translation 

(Bercovich-Kinori et al., 2016). One plausible explanation for the trends in antigen 

positivity observed is that IAV-induced host shutoff may favour translation of RSV 

mRNA, by reducing competition from host transcripts. In turn, this may negatively 

impact IAV, as the RSV provides a further source of competition for translational 

machinery, without expending resource to promote host shutoff. 

This data also highlights the importance of analysing both released infectious virus 

and viral protein expression at the cellular level, as the seemingly contradictory 

findings shed light on potential sources of interaction and the kinetics of such 

interactions. Interactions at early timepoints during the first round of replication may 

later be overshadowed by more dominant interactions during later infection that 

drive observed viral growth kinetics. These infections were carried out at high MOI, 

such that the majority of cells were infected during the first round of infection. Further 

experiments using low MOIs are important to understand how foci of infection 

spread into one another and if inhibitory interactions that prevent coinfection may 

arise.  

Single cell RNAseq may provide the means to explore these interactions in more 

detail. Comparison of the transcriptomes of cells infected with IAV, RSV or both 

viruses would inform on which viral induced pathways are activated in coinfected 

cells. Analysis of the transcriptome of coinfected cells at multiple time points would 

shed light on the temporal nature of viral interactions, that may be occurring at 

different stages of the replication cycle. Collecting individual cell data would also 

provide information about the of viral dynamics within a coinfected cell and the 

variability of viral replication on an individual cell level, which was demonstrated to 

be extremely variable in IAV infection (Russell et al., 2018). Further, analysis of the 

transcriptomes of the uninfected cells in single infections or mixed infections would 
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illuminate differences in cytokine signaling initiated from coinfected or single infected 

cells. 

To further understand the dynamics of infection, live cell imaging was employed to 

observe infection over a continuous timescale. Live cell imaging highlighted 

differences in virus induced cytopathic effect and revealed the kinetics of cell 

survival following single infections or mixed infections. Cell survival was high 

following infection by RSV but was substantially lower following infection by IAV in 

single or mixed infection. Analysis of cell survival times showed that coinfected cells 

(positive for IAV-mCherry and RSV-GFP) survived on average 8 hours longer than 

cells infected only with IAV in the mixed infection. This suggests that the presence 

of RSV in coinfected cells may prolong cell survival and delay IAV induced cell 

death. Promotion of cell survival may allow coinfected cells to have a longer 

productive period to produce viral particles and may contribute to the increase in 

IAV titre observed in mixed infections. This could be investigated by examining 

expression of cellular mediators of cell survival and apoptosis. Comparison of 

cleaved caspase 3 (CC3) expression in single or coinfected cells over a time course 

would confirm if induction of apoptosis is delayed in coinfected cells. Further, 

analysis of expression of markers of cell survival and proliferation, such as Ki-67, 

and activation of the phosphatidylinositol 3-kinase (PI-3K)/AKT pathway, may 

illuminate how RSV can promote survival of coinfected cells (Thomas et al., 2002). 

However overall, cell survival in mixed infection was drastically reduced compared 

to RSV single infection. Therefore, it is likely that cell death induced by IAV infection 

plays an important role in the observed reduction of RSV titre in mixed infections. 

RSV infection may spread into an equivalent proportion of cells in single and mixed 

infection, however, if coinfected cells undergo cell death earlier, then the yield of 

infectious RSV released into the supernatant of mixed infections will be lower.  

When comparing results from experiments quantifying the number of RSV-infected 

cells in coinfection  (Figure 3-9) to the relative GFP fluorescence associated with 

RSV (Figure 3-10), there appeared to be a discrepancy between datasets. 

Quantification of RSV-infected cells revealed that there was an increase, rather than 

reduction, in the proportion of cells infected with RSV in mixed infection at 24 hpi, 

compared to single RSV infection (Figure 3-9). In contrast, in live cell experiments, 

GFP signal associated with RSV infection was substantially lower in mixed infection 

compared to single infection, and almost entirely eliminated by 36 hpi (Figure 3-10).  



115 
 

This difference could be due to differences in sensitivity in detecting RSV infection 

between live cell imaging and confocal microscopy experiments, where measuring 

relative fluorescence may not capturing cells with low expression of GFP.   

Replication kinetics, viral spread and live cell experiments provide a global overview 

of how IAV and RSV interact within a population of coinfected cells and the impact 

of viral interactions in this system. To attempt to identify potential sources of 

interactions at the single cell level, cells were immunostained for viral proteins. 

Staining for IAV NP and RSV N showed that features of both virus’s replication 

cycles can be observed in coinfected cells, and the localisation of nucleoproteins 

looks similar to single IAV or RSV infected cells. This indicates that many process 

involved in each virus’s replication cycle, including transcription and translation of 

viral gene products and trafficking of proteins can occur in the presence of the 

coinfecting virus. Whilst there may be sources of interaction or competition occurring 

within these processes, the interactions are not sufficient to block either IAV or RSV 

from progressing replication. The fact that each virus replicates in a different cellular 

compartment may explain why IAV and RSV are tolerant to the presence of the 

other within the same cell. Upon infection, IAV RNPs are trafficked directly into the 

nucleus for genome replication and transcription (O’Neill et al., 1995). RSV 

replicates within the cytoplasm and initiates the formation of cytoplasmic inclusion 

bodies, to which the proteins of the polymerase complex localise (Galloux et al., 

2020) to carry out genome replication and transcription (Lahaye et al., 2009). This 

spatial segregation of viral replication centres may be sufficient to prevent 

interactions, for example competition for cellular resources, from occurring. 

Late in infection, newly formed viral genomes are trafficked to the plasma membrane 

of the cell for assembly of new virions (Bruce et al., 2010; Amorim et al., 2011; Ke 

et al., 2018). IAV and RSV target lipid raft regions of the plasma membrane to 

concentrate viral proteins and assemble new virions (Carrasco et al., 2004; Fleming 

et al., 2006). Super-resolution confocal microscopy imaging of IAV NP and RSV N 

localisation at the plasma membrane indicated that both viral genomes are trafficked 

to the same regions in coinfected cells. In addition, staining for IAV HA and RSV F 

showed that these glycoproteins can also be found within the same regions of the 

plasma membrane, where filamentous structures likely representing budding RSV 

filaments are formed. This indicates that IAV and RSV may assemble and bud within 

close proximity, therefore providing the opportunity for viral interactions within these 
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pathways.  Interactions within these steps could have important implications for viral 

progeny and may affect infectivity or virion stability. Interactions at this stage 

therefore may impact observed viral growth kinetics and may contribute towards the 

reduction in RSV titre observed in mixed infections. Interactions during viral 

assembly and budding are explored in more detail in Chapter 4.  

Overall, the work described in this chapter characterises IAV and RSV infection in 

a model of coinfection in A549 cells. By comparing overall phenotypes in viral 

replication and cell spread to analysis of the localisation of key viral proteins, 

potential sources of viral interaction can be identified. The findings in this chapter 

support previously published studies (Shinjoh et al., 2000; Chan et al., 2018; 

Ayegbusi et al., 2019; Drori et al., 2020) and also provide novel insights to IAV and 

RSV coinfection at the single cell level. Finally, an important potential source of 

interaction was identified during virion assembly and budding, which warranted 

further study in the following chapter.  
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Chapter 4 

4 Coinfection by IAV and RSV 
results in the formation of 
hybrid viral particles with 
altered tropism 
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4.1 Introduction 
 

The experiments described in Chapter 3 show that Influenza A virus (IAV) and 

respiratory syncytial virus (RSV) readily coinfect lung epithelial cells (A549), with no 

evidence of the occurrence of superinfection exclusion interactions. Additionally, 

IAV and RSV viral proteins are both expressed in coinfected cells and their 

localisation does not appear markedly different to localisation in single infected cells.  

IAV and RSV glycoproteins both localised to the plasma membrane of coinfected 

cells and appear to be expressed in close proximity. This leads to the question: do 

components of IAV and RSV mix during viral assembly and budding in coinfected 

cells?  

 IAV and RSV share tropism for cell types within the respiratory tract. Studies using 

differentiated airway cultures report that both IAV and RSV target ciliated airway 

epithelial cells (Thompson et al., 2006; Zhang et al., 2011; Hui et al., 2018). Further, 

both viruses bud from the apical surface of polarised cells. Using thin section 

transmission electron microscopy (TEM) of differentiated normal human bronchial 

epithelial cells, Ke et al. demonstrated that RSV virions exhibit filamentous 

morphology and bud from the apical surface, within ciliated regions (Ke et al., 2018). 

Additionally, multiple studies have shown that RSV budding occurs at the apical 

surface in immortalised polarised cell lines including Madin Darby Canine Kidney 

(MDCK) cells and Vero C1008 cells, by culturing the cells on transwell inserts 

(Roberts et al., 1995; Brock et al., 2003; Batonick et al., 2008). IAV budding also 

occurs strictly at the apical surface of polarised cells and multiple studies report that 

even an introduction of a basolateral localisation signal to haemagglutinin (HA) or 

neuraminidase (NA) did not alter the polarity of IAV budding (Mora et al., 2002; 

Barman et al., 2003). The apical surface of ciliated cells therefore provides an 

environment in which IAV and RSV may come into direct contact within coinfected 

cells.  

IAV and RSV, like many other enveloped viruses, share a preference for assembly 

and budding in lipid raft regions on the apical membrane of cells. Lipid rafts are 

structured membrane domains, rich in cholesterol and sphingolipids. By 

concentrating proteins within these regions, lipid raft microdomains play an 

important role in many cellular processes, including endocytosis, signal transduction 

and regulation of cell adhesion and migration (reviewed by [Munro, 2003]). IAV 
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targets these regions for concentration of structural proteins prior to viral assembly. 

Coordinated trafficking of HA and NA has been shown to accelerate apical targeting 

of viral proteins, compared to the kinetics of trafficking HA alone (Ohkura et al., 

2014), and IAV ribonucleoprotein (RNP) has been shown to independently traffic to 

lipid rafts on the apical surface of cells, therefore directing polarity of IAV budding 

(Carrasco et al., 2004). RSV fusion glycoprotein (F) also localises to lipid raft 

regions, via targeting signals in the extracellular domain of the glycoprotein (Fleming 

et al., 2006). Disruption of lipid rafts by depletion of cholesterol was shown to reduce 

RSV infectivity (Chang et al., 2012). Incorporation of lipid rafts into budding viral 

filaments has been shown to be important for the stability of both IAV and RSV. 

Bajimaya et al. showed that, whilst depletion of cholesterol did not reduce the 

production of IAV or RSV virions, it did reduce the stability, and therefore infectivity, 

of the progeny of both viruses (Bajimaya et al., 2017). With lipid raft microdomains 

playing an important role in the concentration of structural proteins and initiation of 

viral budding, it is possible that IAV and RSV proteins may be concentrated to the 

same regions of the cellular membrane. If so, it is plausible that proteins derived 

from IAV and RSV will directly interact within these regions. 

Enveloped viruses can incorporate selected host-derived membrane proteins into 

viral particles. This is driven by selective, rather than passive mechanisms, 

indicating that viruses have capacity to take up non-self proteins for functional gain. 

This process is well described for many retroviruses, and human immunodeficiency 

virus 1 (HIV-1) has been demonstrated to incorporate Intracellular adhesion 

molecule 1 (ICAM-1), which retains functionality and in fact enhances HIV-1 

infectivity (Fortin et al., 1997). Calveolin, a lipid raft associated protein, is specifically 

recruited and incorporated into mature RSV filaments and is thought to contribute 

towards the properties of the RSV envelope (Brown et al., 2002; Ludwig et al., 2017). 

Transmembrane proteins tetraspanins are incorporated into the envelope of IAV 

virions (Shaw et al., 2008; Hutchinson et al., 2014). The incorporation of host 

proteins to viral membranes indicates that there may be capacity within IAV and 

RSV envelopes to incorporate components from other sources. Therefore, there 

may be potential for incorporation of viral proteins from a coinfecting virus. 

Assembly and budding of IAV and RSV particles in close proximity could result in 

mixing and incorporation of components of both viruses into newly forming viral 

particles. Interactions during viral assembly have been described previously. 
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Pseudotyping or phenotypic mixing is a direct virus-virus interaction, which results 

in the incorporation of glycoproteins from one virus to the envelope of a coinfecting 

virus. This interaction has been demonstrated to occur for multiple, taxonomically 

diverse viruses (Granoff and Hirst, 1954; Choppin Atn and Compans, 1970; Huang 

et al., 1974; Heng et al., 1994; Tang et al., 2014). Pseudotyping results in changes 

to biological properties, including evasion of expansion of viral tropism (Heng et al., 

1994; Tang et al., 2014) and evasion of neutralising sera (Granoff and Hirst, 1954; 

Choppin Atn and Compans, 1970; Tang et al., 2014). These studies provide 

important evidence that direct viral interactions can alter viral progeny, and this in 

turn impacts viral function. 

Advancements in the understanding of IAV and RSV structure and viral assembly 

have been made possible by cryo-electron tomography (cryo-ET) studies. In 

contrast to single particle electron microscopy methods, where proteins or viral 

particles are first isolated and purified, cryo-ET allows in situ imaging within the 

wider context of the cell or infection (Turk and Baumeister, 2020). Biological 

samples are preserved by rapid freezing in vitrified ice, which captures structures 

within their native state. Three-dimensional data is collected by collecting 

incremental images of a specimen across a tilt axis, usually +/- 60˚ (Hagen et al., 

2017), which are then reconstructed in a process of image alignment. Alignment 

using gold fiducials allows motion correction across the tilt series (Mastronarde and 

Held, 2017). Samples must be less than 500 nm in thickness to allow electron 

penetration and for virion preparations, samples should be thin enough for imaging 

for cryo-ET without additional processing. For thicker samples, for example regions 

within a cell, sample thinning methodologies can be carried out. Sectioning of frozen 

samples using a cryo-microtome allows thin slices to be cut from frozen cells, while 

focused ion beam (FIB) milling of a frozen sample to generate a thin lamella through 

a sample which is suitable for imaging (Marko et al., 2007). Cryo-EM imaging can 

be directed by using a correlative light and electron microscopy (CLEM) approach, 

where regions of interest are highlighted by fluorescence, predominantly via the 

incorporation of a fluorescent tag to a target protein (Tuijtel et al., 2019). Regions of 

interest can then be identified by light microscopy, prior to imaging by cryo-ET 

(Hampton et al., 2016). Whilst cryo-ET methodologies cannot attain the resolution 

of single particle methods, high resolution structures can be determined by sub-

tomogram averaging to sub nanometer resolution (Chen et al., 2019). This process 

involves extracting repeated structures of interest from within tomograms and 
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aligning and averaging them with or without a common reference structure. The 

benefit of this method is it allows elucidation of the structure of macromolecules 

within context of larger assemblies, accounting for their geometry and spatial 

arrangement. Cryo-ET workflows have been used to gain high resolution structural 

information about the structure of IAV and RSV virions, as well as processes 

involved in virion assembly. Liljeroos et al. first characterised the structure of RSV 

filaments by cryo-ET and further studies by Kiss et al. and Ke et al. provide important 

information on interactions with M2-1 within the virion and mechanisms involved in 

RSV assembly and budding (Liljeroos et al., 2013; Kiss et al., 2014; Ke et al., 2018).  

Recently, Conley et al. used cryo-ET and sub-tomogram averaging to demonstrate 

the helical arrangement of RSV matrix and glycoprotein incorporation (Conley et al., 

2021). The structure of IAV virions have been extensively studied by cryo-ET (Harris 

et al., 2006; Calder et al., 2010; Vijayakrishnan et al., 2013). Peukes et al. recently 

determined the structure of helical assemblies of M1 within IAV filaments using sub-

tomogram averaging (Peukes et al., 2020). Cryo-ET workflows have not previously 

been applied to study virus-virus interactions within coinfected cells.  

This chapter builds on the observation that IAV and RSV components colocalise to 

the plasma membrane of coinfected cells and I explored the hypothesis that viral 

interactions occur during viral assembly and budding, which could impact viral 

progeny from coinfected cells. The first objective was to determine at higher 

resolution the extent to which IAV and RSV glycoproteins mix at the plasma 

membrane, and if there were qualitative differences in filamentous viruses budding 

from coinfected cells. Following this, I applied cryo-ET to characterise the ultra-

structure of viruses produced in coinfection, with the aim to identify structural 

differences between viral progeny from coinfection and single virus infections. 

Finally, I carried out functional experiments to determine if coinfection has the 

capacity to alter the function of IAV and RSV, by carrying out experiments assessing 

viral tropism and antigenicity. 
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4.3 Results 
 

4.3.1 Confocal microscopy reveals viral filaments that incorporate the 
glycoproteins of both IAV and RSV budding from coinfected cells 

 

To investigate mixing of viral proteins during assembly and budding, expression of 

IAV and RSV glycoproteins at the plasma membrane of coinfected cells was 

assessed. A549 cells were coinfected with IAV (MOI=1) and RSV (MOI=4), a 

combination that was previously validated for imaging coinfected cells (Chapter 3) 

and fixed at 24 hpi. Cells stained for the major glycoproteins of IAV and RSV: IAV 

haemagglutinin (HA) and RSV fusion glycoprotein (F). 

IAV HA coated the plasma membrane of infected cells, while RSV F staining was 

localised to cytoplasmic bodies and regions near to budding viral filaments at the 

plasma membrane (Figure 4-1A). In coinfected cells IAV HA did not appear to be 

excluded from RSV budding sites and glycoproteins from both viruses were 

observed in close proximity in these regions (Figure 4-1B). The fluorescence 

intensity profile of HA and F staining confirmed that both glycoproteins colocalized 

in regions of budding filaments (Figure 4-1C). Peaks of HA and F staining intensity 

appeared to correspond to filamentous structures, suggesting that they may be 

incorporated into the same viral particles.  
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Figure 4-1: IAV HA and RSV F colocalize in regions where RSV filaments are 

budding. (A) A549 cells were infected IAV MOI 1 and RSV MOI 4 and incubated  

for 24 hpi, before fixation and immunostaining for IAV HA (magenta) and RSV F 

(green). Cells were imaged by confocal microscopy on Zeiss LSM880. Scale bar 

indicates 20µm. (B) Magnified view of boxed region in A shows that both HA and F 

are found in regions where viral filaments are budding. White signal indicates areas 

of colocalisation. Yellow arrow indicates region where fluorescence intensity was 
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measured. (C) Relative fluorescence intensity profile shows colocalisation of HA and 

F in regions with budding filaments.  

 

To further assess if HA and F were colocalizing within individual viral particles, super 

resolution confocal microscopy was used to examine virus budding from coinfected 

cells. Filaments that incorporated HA and F were identified (Figure 4-2). While most 

of these viruses appeared to be cell associated (Figure 4-2A), dual positive filament 

structures distant from coinfected cells were also observed (Figure 4-2B). These 

released particles resembled the cell associated particles in staining profile, and 

retained their filamentous morphology, suggesting that the dual-positive filaments 

can be effectively released from coinfected cells.  

 

Figure 4-2: Super-resolution confocal microscopy revealed filaments that 

incorporate both HA and F. A549 cells were infected IAV MOI 1 and RSV MOI 4 

and incubated for 24 hpi, before fixation and immunostaining for IAV HA (magenta) 

and RSV F (green). Cells were imaged by super-resolution confocal microscopy on 

Zeiss LSM880 with Airyscan detector. Filaments positive for both IAV HA (magenta) 
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and RSV F (green) were identified both (A) attached and (B) released from cells. 

Scale bars indicate 500 nm.  

 

The two glycoproteins were expressed in distinct patches along the length of the 

filament (Figure 4-3A). Analysis of fluorescence intensity along the length of dual-

positive filaments (filaments measured shown in Figure 4-3B) showed that there 

was little colocalisation between HA and F, as peaks of fluorescence intensity rarely 

overlapped between proteins (Figure 4-3C). Additionally, IAV HA was incorporated 

at the distal end of the majority of filaments.  IAV and RSV virions could also be 

identified amongst the dual positive filaments (Figure 4-3C), suggesting that regions 

in which these filaments form could contain both IAV and RSV budding sites.  
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Figure 4-3: HA and F do not colocalise on filaments, but appear as distinct 

patches with HA predominantly at distal end. (A) Magnified view of cell 

associated filaments (full image shown in figure 2) show filaments with distinct 

patches of IAV HA (magenta) and RSV F (green) glycoproteins along the length of 

the filaments. (B) White arrows and filament numbering correspond to fluorescence 

intensity profiles displayed in (C). Minimal colocalisation was observed in the 

fluorescence intensity profiles (C) for IAV HA (magenta line) and RSV F (green line) 

signal along filaments numbered 1-15. IAV (filament 3, magenta star) and RSV 

(filament 7, green star) filaments were also identified among dual positive filaments. 
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To determine the overall proportion of cells that produced these dual-positive 

filamentous structures, cells were infected with IAV (MOI=1) and RSV (MOI=4) for 

24 hours and stained for HA and F. Cells were imaged by tile scanning, to collect a 

wide field of view. Three fields were collected per coverslip, from three independent 

experiments, and cells producing dual-positive filaments were manually counted. 

More than half of coinfected cells (56±9.1%, mean ± SD) produced dual-positive 

filaments to varying extents. Many cells displayed extensive production of dual-

positive filaments, which could be observed to be extending from the cell membrane 

surrounding the whole cell (Figure 4-4A-B). There did not appear to be obvious 

morphological changes, for example rounding of the cell or fragmentation of the 

nucleus, that would indicate cell damage on these cells, suggesting coinfected cells 

have a high capacity for producing viral progeny (Figure 4-4B and C). 

 

 

Figure 4-4: Cells produce dual positive filaments to a large extent, without 

obvious morphological changes that would indicate virus-induced damage. 

A549 cells were infected IAV MOI 1 and RSV MOI 4 and incubated for 24 hpi, before 

fixation and immunostaining for IAV HA (magenta) and RSV F (green). Cells were 

imaged by super-resolution confocal microscopy on Zeiss LSM880 with Airyscan 

detector. (A) and (B) Cells immunostained for HA (magenta) and F (green) showing 

extensive production of dual-positive filaments across whole cell edges. (C) Image 

taken through centre of same cell as (B), showing no obvious virus-induced changes 

to morphology. Scale bars indicate 10µm. 

Imaging data shown in Figures 4-1 to 4-4 was carried out on fixed and permeablised 

samples and these procedures may impact the morphology of cells or viral 

filaments. To determine the native organisation of filaments budding from coinfected 

cells, live cells were coinfected and immunostained for HA and F without fixation or 

A B C IAV HA RSV F  
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permeablisation at 24 hpi. Cells were then imaged using super-resolution confocal 

microscopy and Z-stacks were collected through the entirety of coinfected cells. Live 

staining revealed the formation of bundles of dual positive filaments extending from 

the apical surface of coinfected cells (Figure 4-5A). To better observe filament 

organisation, two-dimensional images through the Z-plane of the cell were created 

from Z-stacks. Like in fixed cells, filaments were predominantly positive for F along 

the length of the filament, and HA at the distal end (Figure 4-5B). 

 

Figure 4-5: Live cell imaging shows dual-positive filaments extend in bundles 

from apical cell surface. Live coinfected A549 cells were immunostained for HA 

(magenta) and F (green) and imaged by super-resolution confocal microscopy using 

Zeiss LSM880 with Airyscan detector. Z-stack were collected at 100 nm intervals 

through entire coinfected cell. (A) A three-dimensional rendering of the whole cell 

reconstructed from Z-stack and (B) a two dimensional image through the Z-plane of 

the cell. Both images show the native organisation of dual-positive filaments 

extending from apical cell surface in bundles. Scale bar indicates 5 µm.  

 

Super-resolution confocal microscopy confirmed that IAV and RSV glycoproteins 

interact in regions of budding virus on coinfected cells and provide compelling 

evidence to suggest that HA and F interact and may be incorporated into the same 

viral filaments. However, due to the resolution limits of light microscopy, it was not 

possible to determine with certainty that IAV and RSV co-assemble into the same 

filamentous structures. To address this, a higher resolution imaging technique was 

required to gain structural information about the filaments. 
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4.3.2 Coinfection generates viral filaments with morphological differences 
compared to typical IAV and RSV filaments 

 

To gain increased resolution, scanning electron microscopy (SEM) was carried out 

on single infected, coinfected or mock infected cells (Figure 4-6). Mock infected cells 

displayed a relatedly smooth cell surface with small, unevenly shaped filopodia 

extending from the cell surface. Cells were spread out and elongated. In contrast, 

all infected samples showed clear evidence of production of viral particles (Figure 

4-6A). 

IAV single infection showed cells are heavily infected, with extensive viral budding 

on cell surfaces. IAV infection produced a pleomorphic population of spherical, 

bacilliform and filamentous virions (Figure 4-6B). IAV strain A/Puerto Rico/8/34 is 

considered to have predominantly spherical morphology (Seladi-Schulman et al., 

2014b), however cell-specific differences have been shown to impact IAV 

morphology (Roberts and Compans, 1998; Al-Mubarak et al., 2015), so may 

account for the abundance of filament formation in A549 cells. RSV single infection 

resulted in cells with dense patches of budding filaments that were more uniform in 

morphology (Figure 4-6B).  
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Figure 4-6: Scanning electron microscopy shows the morphology of budding 

viruses in IAV and RSV single infection and mixed infections. Scanning 

electron micrographs of IAV, RSV, coinfected or mock infected cells imaged at (A) 

1000x, 10,000x and (B) 20,000x magnification, region of magnification is denoted 

by the white box shown in 1000x images. Scale bars represent 10 µm at 1000x and 

1 µm at 10,000x and 20,000x magnification. 
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The distribution of budding virions on the cell surface was markedly different to 

single infection by either virus. In coinfected cells, organisation of budding virus 

closely reflected the glycoprotein staining profile on live infected cells: coinfected 

cells were decorated with budding pleiomorphic IAV particles, while filaments 

extended from the cell in tight bundles, rather than larger dense patches seen in 

RSV single infection (Figure 4-6 and 4-8).   

Comparative measurement of filament width between infection conditions revealed 

a substantial difference between IAV and RSV particle size, with average widths of 

84±6.6 nm (mean±SD) for IAV and 134±17.3 nm for RSV, consistent with published 

measurements of IAV and RSV particle size (Vijayakrishnan et al., 2013; Liljeroos 

et al., 2013; Ke et al., 2018).  The width measurements in coinfection reflected a 

mixed population of both IAV and RSV filaments, a distribution of peaks matching 

both IAV and RSV filament measurements from single infections (Figure 4-7).  

 

Figure 4-7: Filament width measurements show differences in IAV and RSV 

filament structure. Viral filaments from each infection condition (n=250 per 

infection) were measured. Histogram shows frequency of measurements binned in 

5nm intervals and shows distribution filament widths from IAV infection (magenta 

bars), RSV infection (green bars) and mixed infection (blue bars). 
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Importantly, from coinfected cells, a population of virus particles that was structurally 

different to filaments observed in either IAV or RSV single infection was also 

identified. These long filamentous virions had smaller structures branching from the 

distal ends (Figure 4-8). The branching structures showed a strong resemblance in 

morphology and size with small pleomorphic IAV virions. This observation was 

consistent with confocal microscopy data, which showed that dual-positive filament 

structures were predominantly positive for RSV F along the body of the filament, 

with IAV HA positivity primarily at the distal end.  

 

Figure 4-8: Filaments with branching ends were identified budding from 

coinfected cells. SEM micrograph show filaments with branched ends consistent 

in size and shape with small bacilliform IAV particles, shown in magnified inset 

image. Image collected at 10000x magnification and scale bar indicates 1 µm. 

 

Taken together with the light microscopy data showing HA incorporation at filament 

ends, these findings provide strong indication that IAV and RSV glycoproteins are 

incorporated into the same filamentous structures, with consequences on 

morphology.  
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4.3.3 Screening grids for cryo-electron tomography experiments 
 

To understand precisely how these dual positive filaments were forming, a higher 

resolution imaging technique was required. To achieve this, cryo-electron 

tomography (cryo-ET) was used to study virus budding from coinfected cells. Cryo-

ET allows visualization of viral particles in three-dimensions near native state, 

therefore would allow elucidation of the nature of the interaction occurring between 

IAV and RSV during viral assembly and budding.  

A549 cells were cultured directly on laminin-coated carbon support grids. Cells were 

then infected with IAV (MOI=1) and RSV (MOI=4) for 24 hpi. Following this, gold 

fiducials, used for tomogram alignment, were added to grids, before plunge freezing 

in liquid ethane. Once frozen, samples underwent the workflow described in Figure 

4-9. 

 

Figure 4-9: Workflow for sample screening prior to selection of grids for 

imaging by cryo-ET. Samples were assessed by confocal microscopy and cryo-

TEM for the efficiency of infection, quality of grids and regions of interest. 
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To confirm that the infections had achieved a high proportion of coinfection and 

there was evidence of viral filament formation, the remaining cells in the glass 

bottom dishes in which the grids were infected were stained for IAV HA and RSV F 

(Figure 4-10). Images were collected at 40x objective using tile-scanning, to allow 

imaging of a large area of the grid whilst maintaining sufficient resolution to identify 

filament formation. Whilst not a direct indicator of infection on the frozen grids, this 

screening step provided a guide for the level of infection expected on the grids 

without the risk of potential contamination or damage of the grids themselves.  

 

Figure 4-10: Immunofluorescence staining of grid dishes provides 

confirmation of coinfection and formation of filaments. Dishes were stained for 

IAV HA (magenta) and RSV F (green), nuclei stained with DAPI (blue). The grid 

from this dish was plunge frozen for cryo-EM imaging.  

 

Frozen infected grids were initially screened using the 200 kV JEOL FEM-200 cryo 

transmission electron microscope (TEM). This screening served two purposes: first 

to ensure the quality of the grids, including seeding density, gold concentration and 

IAV HA RSV F 
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grid integrity, was suitable for cryo-ET, and second to identify potential areas of 

interest for tomography. Grids were mapped at low magnification (Figure 4-11A) 

before individual grid squares were screened for virus (Figure 4-11B-C).  

 

Figure 4-11: Screening of TEM grids prior to selection for tomography. (A) 

Whole grids were first mapped at low magnification. (B) Individual grid squares were 

screened at 2500x magnification for regions of interest. Red dashed circle and 

yellow box indicate holes in carbon support that contain virus. (C) Region of interest 

(yellow box in [B]) imaged at 8000x magnification showing bundle of budding RSV 

filaments. 

 

After screening, suitable grids were selected for imaging on the JEOL CRYOARM 

300, to collect high resolution tomograms of viral particles. Images were collected 

in a dose-symmetric tilt series in 3˚ increments along a 60˚ axis, with defocus of -6 

µm and dose of 2.26 e/Å/tilt. Tilt series were screened for quality and features of 

interest and then processed for tomography. Tomogram processing and alignment 

was carried out using IMOD, using gold fiducials to align tilt series (Kremer et al., 

1996).  

 

4.3.4 IAV and RSV virions can be identified on coinfected grids 
 

Virions that were consistent with IAV (Calder et al., 2010; Vijayakrishnan et al., 

2013) and RSV published structures (Liljeroos et al., 2013; Ke et al., 2018) were 

identified on coinfected grids (Figures 4-12 and 4-13). This indicates that there is 

capacity for assembly of both IAV and RSV virions with the expected ultrastructural 

composition and morphology to be produced from coinfection. IAV and RSV single 
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infected grids were prepared and frozen, but due to time and resource constraints, 

these grids were not imaged.  

Virions consistent with pleiomorphic IAV particles (Figure 4-12A) and IAV filaments 

(Figure 4-12B) were identified. IAV filaments varied in length, with an average 

diameter of 84.8±6.97 nm (mean ± SD), measured from glycoprotein ends. On both 

filaments and bacilliform particles, dense decoration of glycoproteins could be 

identified coating the virions. IAV RNPs could be observed within virions, with 

polarised packaging of genomes at the distal end of filaments, consistent with 

published reports (Figure 4-12B and C) (Calder et al., 2010; Vijayakrishnan et al., 

2013; Vahey and Fletcher, 2019). Complete sets of eight genome segments could 

be identified in many virions, in a ‘7+1’ arrangement (Figure 4-12D). Glycoproteins 

were densely packed with no regular arrangement on the surface of the virion and 

the triangular heads of HA trimers could be identified (Figure 4-12E).  

Whilst maintaining IAV-like morphology, some virions were joined by fusion of viral 

envelopes, with a thin layer of density potentially attributed to M1 matrix layer, 

remaining in place (Figure 4-12B). Glycoproteins did not appear to be associated 

with the regions of membrane that join the filaments. ‘Beads on a string’ assemblies 

of IAV particles, where virions assemble in end-to-end arrangements due to 

incomplete scission events, have been reported, but these are predominantly 

associated with viruses with impaired M2 activity (Rossman et al., 2010).  Fusion 

between IAV particles has been proposed before, after acid treatment of virions 

(Calder et al., 2010), but in these experiments it is unclear if the formation of IAV 

multi-virion bodies was mediated by a IAV-dependent process, or was a result of 

coinfection with RSV. Analysis of IAV single infected grids is required to understand 

this. 
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Figure 4-12: Structure of IAV virions on cryo-EM grids. (A) Pleiomorphic 

population of IAV virions, showing filamentous, spherical and bacilliform virions. 

Magenta shaded region highlights dense glycoproteins. Scale bar represents 

200nm. (B) Filamentous IAV virions with packaged genome segments clearly visible 

(white box, magnified in [C]). Red arrows indicate regions of membrane fusion and 

remaining structure which may correspond to matrix protein. Scale bar represents 

200nm. (C) Magnified region highlighted in white box in (B) showing packed RNPs. 

Scale bar represents 100 nm. (D) Cross-section through a filament showing 7+1 

arrangement of RNPs. Scale bar represents 100nm. (E) Two IAV filaments, one with 

cross section through the filament showing side on view of IAV glycoproteins and 

the second showing a top-down view of the filament showing organisation of HA, 

with HA heads showing triangular shape of HA trimer (inset image, red triangle). 

Scale bar represents 50nm. 
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RSV filaments were also identified on grids (Figure 4-13A and B). Filaments had an 

average width of 158 (+/-14.6) nm measured from glycoprotein ends, but many 

irregular shaped virions were also observed. Filaments contained RNPs packed 

throughout the length of the virion, with multiple genome copies packaged per 

filament, consistent with reports that RSV is polyploid (Loney et al., 2009). The 

flexible herringbone arrangement of the nucleocapsid-RNA structures could be 

clearly visualized within filaments (Figure 4-13B), along with ring-like structures of 

N (Figure 4-13A) (Bhella et al., 2002a; Bakker et al., 2013; Conley et al., 2021). RSV 

glycoproteins form a helical arrangement on the surface of the virions and pairing 

between glycoproteins can be identified (Figure 13C) (Conley et al., 2021). 

 

Figure 4-13: Structure of RSV filaments detected on cryo-EM grids. (A) Short 

RSV filament containing RNP rings, indicated by red arrows and magnified in inset 

image. Scale bar represents 200nm. (B) RSV filaments containing multiple RNPs in 

herringbone structure, indicated by red arrows. Scale bar represents 200 nm. (C) 
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Top-down view of viral glycoproteins shows helical arrangement. Glycoproteins are 

arranged into pairs, indicated by yellow ellipses. Scale bar represents 100 nm.  

 

4.3.5 IAV and RSV virions budding sites are in close proximity on 
coinfected cell membranes 

 

By immunofluorescence and SEM, IAV and RSV were identified budding in close 

proximity on the plasma membrane of coinfected cells.  Figure 4-14 shows different 

Z-slices within the same tomogram, showing IAV and RSV particles budding from 

the same region of the plasma membrane. At the site of budding, RNPs can be seen 

packaging into the budding RSV filament extending from the cellular membrane 

(Figure 4-13-4A, yellow box). In the same region, a small bacilliform IAV particle 

(Figure 4-14B, magenta box) can be seen budding less than 500 nm from the RSV 

budding site (yellow arrow). Multiple genome segments appear to be packaged 

within the IAV particle. In the cytoplasm surrounding the budding sites, vesicle 

structures are present and cortical actin bundles run beneath the membrane.  
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Figure 4-14: IAV and RSV budding sites are in close proximity to one another 

on coinfected cells. Two images of the same membrane region show (A) RSV, 

highlighted by yellow box, and (B) IAV, highlighted by magenta box, budding less 

than 1µm apart on the cell surface. RSV budding site is visible next to the budding 

IAV particle in (B), indicated by yellow arrow. Vesicle highlighted in cyan provides 

reference to demonstrate that the same region of the membrane was imaged. Scale 

bar represents 200 nm.  

 

Once released IAV and RSV particles were found in heterogenous populations on 

the TEM grid (Figure 4-15). Pleiomorphic IAV particles could be seen close to both 
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newly assembling RSV particles (Figure 4-15B and C) and assembled RSV particles 

(Figure 4-15D). 

 

Figure 4-15: Released IAV and RSV particles form heterogenous virus 

populations. (A) Example area showing released IAV and RSV in close proximity, 

alongside RSV assembly events. Scale bar indicates 500 nm. Areas labelled with 
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coloured arrows correspond to structures shown in panels B-E. (B) RSV filament 

budding from cellular filopodia. Filopodia, indicated by top yellow arrow, becomes 

decorated with RSV components and then extends into a structured RSV filament. 

Actin filaments extend from the filopodia into the filament. Scale bar indicates 200 

nm. (C) RSV glycoproteins and matrix proteins concentrating and assembling on a 

membrane, resulting in formation of straight structured regions. RSV RNP is 

associated with one edge, indicated by gold arrow. Scale bar indicates 100 nm. (D) 

Released IAV filaments in close proximity to RSV filament.  (E) Bacilliform IAV 

particles and small filaments forming a ‘beads on a string’ assembly. Only the 

leading IAV particle appears to contain RNPs. Scale bars in (D) and (E) indicate 200 

nm. 

 

4.3.6 Coinfection results in the formation of chimeric viral particles that 
contain the structural features and genomes of both IAV and RSV 

 

Confocal and SEM imaging data indicated the potential for formation of viral 

particles that contained components from both IAV and RSV to form on coinfected 

cells. To understand the nature of the interactions, grids were assessed for evidence 

of particles that may contain elements from both viruses. Using cryo-ET, the 

ultrastructure of these particles was determined, and two classes of hybrid viral 

particles were identified.  

The first class of viral particles, described as chimeric viral particles (CVPs), 

contained regions that were structurally analogous to both RSV and IAV and were 

joined by a continuous membrane (Figure 4-16A and B). The RSV-like region was 

widest in diameter and contained glycoproteins corresponding to RSV (Figure 4-

16F). Extending from this was a narrower IAV-like region (Figure 4-16A and B), 

containing glycoprotein arrangement consistent with IAV glycoproteins (Figure 4-

16D). Viral genomes could be identified confined within each structural region 

(Figure 4-16D and G). In the RSV region, herringbone shaped RNP structures could 

be identified (Figures 4-16D and 4-17B). In the IAV region, density at the distal end 

of the filament corresponded to a packaged RNPs (Figure 4-16A, B and D). 
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Figure 4-16: Coinfected cells produce chimeric virus particles containing IAV-

like and RSV-like structural components and genomes from both viruses. 

Chimeric virus particle (CVP) imaged by cryo-ET. (A-B) Two z-positions through the 

same particle. CVPs contain two structurally distinct regions that reflect IAV and 
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RSV structure and contain IAV and RSV genomes. Scale bar indicates 150 nm. (C) 

Schematic representation of CVPs with IAV and RSV -like regions. (D) Magnified 

view of distal end of CVP, showing IAV region containing IAV glycoproteins and 

RNPs (magenta and pink arrows respectively). (E) IAV and RSV regions joined by 

a continuous membrane with a clear lumen (cyan arrow). (F) Magnified envelope 

CVP showing an RSV-like glycoprotein arrangement (green arrows). (G) RSV 

region of CVP containing herringbone structured RNPs (green arrows).  

 

CVPs displayed fusion between the two IAV-like and RSV-like regions to differing 

extents. The majority had a continuous membrane join with a clear lumen between 

IAV and RSV sections (Figure 4-16A, B and E). Other CVPs had narrow join 

between IAV and RSV regions, with membranes of IAV and RSV regions fused, but 

with no clear lumen. Additionally, some CVPs contained multiple IAV regions fused 

to a single RSV region (Figure 4-17). This was consistent with SEM images, in which 

some filaments contained multiple small branching structures extending from the 

filament end.  

 

Figure 4-17: Chimeric particle composed of multiple IAV regions. Other CVPs 

had narrow membrane joins between IAV and RSV regions and contained multiple 

IAV-like regions. Adjoining regions indicated by pink arrows, scale bar indicates 200 

nm.  
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In some particles, curved density could be identified at the bottom of the IAV region, 

near the membrane join (Figure 4-18). This structure was similar to that seen in the 

fused IAV particles (Figure 4-12) and may correspond to a matrix protein.  

 

 

Figure 4-18: Some CVPs contained a curved density at join region. (A) and (B) 

show examples of CVPs with curved density, indicated by cyan arrows. Scale bars 

indicate 100 nm (A) and 200 nm (B). 

 

Importantly, CVPs structure were only identified in one order: the IAV region 

extended from the tip of the RSV region. No evidence of CVPs forming the other 

way round was found, which may provide important insights into how these CVPs 

may be assembling.  

The formation of viral particles that contain structural components and genomes 

from unrelated, taxonomically different respiratory viruses has never previously 

been described in the literature and represents a previously uncharacterised mode 

of virus-virus interaction. 

 

4.3.7 Coinfection also generates naturally pseudotyped RSV filaments that 
contain RSV genome but are coated in IAV glycoproteins 

 

Coinfection by IAV and RSV also resulted in the formation of a second class of 

hybrid viral particles: RSV filaments pseudotyped with IAV glycoproteins. These 
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filaments appeared structurally consistent with RSV filaments and contained 

genomes, but the envelope of these particles incorporated glycoproteins that had 

consistent shape and arrangement with IAV glycoproteins. Some filaments were 

entirely coated in IAV glycoproteins (Figure 4-19A and B), while others contained 

patches of both IAV and RSV glycoproteins (Fig 4-19C and D). In these filaments, 

the IAV patches appeared predominantly at the distal end of the filament (Figure 4-

19D).  

 

Figure 4-19: Coinfection generates pseudotyped RSV filaments, which 

incorporate IAV glycoproteins. (A) Example of a pseudotyped RSV virion 

containing RSV RNP, indicated by green arrow, which is coated in IAV 

glycoproteins, indicated by magenta arrows. (B) The filament is entirely coated in 

IAV glycoproteins (indicated by magenta triangles), characterised by the triangular 

shaping of HA head domain and irregular, tightly packed ordering. Scale bars in (A) 
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and (B) represent 100 nm. (C) Example of pseudotyped filament containing IAV 

(magenta arrow) and RSV glycoproteins, with RSV RNPs identifiable in both regions 

(indicated by green arrows). (D) Top-down view of glycoproteins on pseudotyped 

filament shown in (C), shows distinct differences in glycoprotein ordering in different 

regions of filament. Near the base of the filament, helical ordering of RSV 

glycoproteins is observed (indicated by green box), whilst IAV glycoproteins are 

incorporated near the filament tip (indicated by magenta oval). Scale bars in (C) and 

(D) represent 200 nm.  

 

IAV and RSV have different glycoprotein arrangements on IAV and RSV particles 

(Harris et al., 2006; Calder et al., 2010; Conley et al., 2021). To quantify differences 

between glycoproteins on pseudotyped RSV particles, compared to ordinary RSV 

particles, the distance between glycoproteins was measured. Glycoproteins were 

visualized from the top down and measurements were taken from the centre of one 

protein to the centre of an adjacent glycoprotein (Figure 4-20A-C). First, inter-

glycoprotein distances were collected on a larger set of control IAV or RSV 

tomograms (11 tomograms per condition, total measurements n=326 for IAV, n=236 

for RSV), before measurements of glycoproteins on suspected pseudotyped 

particles (n=50 measurements per pseudotyped particle) were compared for 

statistical differences to controls (Figure 4-20D). RSV exhibited a mean (± SD) inter-

glycoprotein spacing of 12.9±2.3 nm, while IAV had a smaller spacing of 8.71±1.18 

nm. Pseudotyped particles had an average spacing ranging from 8.31-9.56 nm. This 

measurement was within a similar range to IAV inter-glycoprotein spacing, but 

significantly different to RSV spacing (p<0.0001 by unpaired t-test). This provides 

additional evidence that RSV filaments incorporate IAV glycoproteins, resulting in 

the formation of pseudotyped particles. Interestingly, pseudotyped IAV particles 

(IAV virions containing RSV glycoproteins) were not identified, potentially 

suggesting that IAV glycoproteins are structurally compatible with RSV virions, but 

not vice versa. However, this observation is based on a relatively small sample of 

tomograms, without comparison to IAV single infected grids. Further analysis of a 

large data set of IAV particles formed both from coinfection and single infection is 

required to rule out the formation of pseudotyped IAV particles. 
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Figure 4-20: Inter-spike distance measurements reveal that pseudotyped 

viruses are decorated with IAV glycoproteins. To determine the glycoprotein 

arrangement on pseudotype viruses, inter-spike distances (red lines) were 

measured between glycoprotein pairs. Representative examples are shown for IAV 

(A), RSV (B) and pseudotyped virions (C), with red lines demonstrating inter-

glycoprotein measurements. (D) Unpaired t-test analysis (**** p<0.0001) confirmed 

glycoproteins distance measurements were significant different between RSV 

controls and pseudotyped virions (PV1-PV4), with average inter-spike distances of 

8.71 nm for IAV, 12.9 nm for RSV and a range of 8.31-9.56 nm for pseudotypes.  

 

4.3.8 CVPs display expanded tropism and facilitate IAV entry into sialic acid 
deficient cells 

 

Cryo-ET imaging demonstrated that CVPs contain the glycoproteins from both IAV 

and RSV. IAV and RSV utilise different attachment and entry receptors. Influenza 
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viruses target host cell receptors via binding to terminal sialic acids joined to glycans 

by α-2,3-gal, α-2,6-gal linkages (Matrosovich et al., 2004). RSV interacts with a 

range of attachment receptors, including nucleolin (Tayyari et al., 2011; Mastrangelo 

et al., 2021) and entry is mediated via interaction with insulin-like growth factor 

receptor 1 (IGFR1) (Griffiths et al., 2020).  Through incorporation of both IAV and 

RSV envelope glycoproteins, CVPs may possess the receptor specificity of both 

viruses, therefore expanding the tropism properties of IAV and RSV. 

To test this hypothesis, A549 cells were stripped of sialic acid using an exogenous 

neuraminidase (NA) from Clostridium perfringens which has sialidase activity 

against both α2,3- and α2,6- linked sialic acids. The removal of sialic acids was 

confirmed by staining with Maackia Amurensis Lectin II (MAL II), which selectively 

binds α2,3- sialic acids, and lectin from Erythrina Cristagalli (ECL), which binds the 

terminal galactose residues that become exposed after sialic acid cleavage (Figure 

4-21A).  

Experimental set up is described in Figure 4-21B. A549 cells were infected with IAV 

(MOI=1) and RSV (MOI=4) or a mixed inoculum of both viruses for 24 hours. 

Following this, the supernatant (containing released virus) and virus associated with 

the cell pellet (cell associated virus) were harvested from single virus infections and 

mixed infection. These virus samples were then transferred immediately without 

freeze thawing to infect sialic acid deficient cells (NA-treated) or untreated control 

cells. Inoculum was also titrated, to determine the input titre of the virus to the treated 

and control wells. At 12 hpi, infections were fixed and immunostained for IAV NP or 

RSV N and infected cells were counted (Figure 4-21B). Entry was measured as a 

ratio of virus positive cells in the NA-treated wells over the untreated control wells.  
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Figure 4-21: Experimental set up for neuraminidase experiment. (A) 1mU/ml 

neuraminidase treatment removes sialic acids. Control (untreated) and 

neuraminidase (NA) treated cells were stained with MAL II (yellow) and ECL (cyan) 

to confirm cleavage of sialic acids. Scale bars indicated 20 µm. (B) Schematic 

detailing the experimental set up for the neuraminidase experiment.  

 

IAV entry in NA-treated cells was completely blocked compared to untreated control 

cells when inoculated with the supernatant of single IAV- infected cells, whereas 

entry of cell pellet IAV collected from single IAV infections was reduced by 85%, 

compared to the entry in the untreated control (Figure 4-22A).  
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In mixed infection, IAV entry to NA-treated cells was significantly increased, for both 

supernatant (p=0.045) and cell pellet virus (p=0.0091) samples, compared to single 

IAV infection. Entry of IAV from the supernatant of a single infection was completely 

blocked in NA-treated cells, however, when harvested from the supernatant of a 

mixed infection, IAV entry increased to 20% of the level of entry to untreated cells. 

The increase in IAV entry was more marked in the cell pellet fraction and IAV entry 

in NA-treated cells was restored to 77% of the level of control cells (Figure 4-22A). 

RSV entry was unaffected by the removal of sialic acids and there were no 

significant differences between RSV entry in NA-treated or control cells, in single 

RSV infection or mixed infection (Figure 4-22B). This result was as expected, as 

RSV uses alternative attachment and entry receptors, therefore removal of sialic 

acids should not interfere with RSV entry mechanisms.  

 

Figure 4-22: Neuraminidase experiments show CVPs facilitate expansion of 

IAV receptor tropism. (A) Ratio of IAV entry into NA-treated cells versus control 

cells when harvested from single infection (magenta bars) or mixed infection (blue 

bars). (B) Ratio of RSV entry into NA-treated cells over control cells when harvested 

from single infection (green bars) or mixed infection (blue bars). Error bars represent 
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standard error and significance was determined by unpaired t-test with, ns p≥0.05, 

* p<0.05, ** p<0.01. (C) Back titration of IAV input from supernatant and cell pellet 

samples from three independent single (magenta bars) or mixed (blue bars) 

infections. (D) Bars show raw IAV positive cell counts (left axis) in NA-treated wells 

and points show IAV titre (right axis) for an IAV positive control (grey), compared to 

IAV in single infection (magenta) and mixed infection (blue). 

 

Supernatant and cell pellet stocks were back titrated by IAV plaque assay, to 

determine IAV input to the neuraminidase experiment (Figure 4-22C and D). As 

observed in growth kinetics experiments described in Chapter 3, IAV titre was 

slightly increased in coinfections. As virus stocks were transferred directly from initial 

infections to the neuraminidase experiment, it was not possible to control for the 

viral input, therefore viral input varied between samples. Therefore, to confirm that 

the increase in IAV entry in the samples harvested from coinfection was not the 

result of a higher viral input, a positive control of 106 pfu/well of IAV stock virus was 

added to NA-treated or untreated wells. Analysis of IAV positive cell counts showed 

that entry of the stock virus was low in NA-treated cells (Figure 4-22D). Further, 

input titres of supernatant samples from coinfection were calculated to be greater 

than 106 pfu/well by back titration, and IAV positive cell counts were low in NA-

treated wells for these samples (Figure 4-22D). This provided confidence that NA-

treatment was sufficient to block the entry of this amount of IAV input. Therefore, 

the increased viral entry in the cell pellet sample from mixed infection was unlikely 

to be due to increased viral titre compared to single infection and rather due to the 

action of CVPs.  

To determine if aggregation of viral particles may have contributed to this 

phenotype, IAV and RSV viral stocks were pre-mixed to allow opportunity for 

aggregation between viral particles, before infecting NA-treated or control cells. 

There were no significant differences in entry to receptor-deficient cells for IAV that 

had been pre-incubated with RSV (Figure 4-23), compared to IAV alone. This 

indicates that IAV and RSV do not readily aggregate upon mixing, however, more 

complex interactions may occur that result in aggregation in vivo (Cuevas et al., 

2017).  
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Figure 4-23: Increased IAV entry is not caused by viral aggregation. Ratio of 

virus entry of IAV only (magenta bar) or RSV only (green bar) into NA-treated over 

control cells, compared to entry of IAV pre-mixed with RSV or RSV pre-mixed with 

IAV into NA-treated over control cells (blue bars). Error bars represent standard 

error and significance was determined by unpaired t-test with, ns p≥0.05. 

 

To determine whether CVPs were facilitating entry of both viral genomes, or just IAV 

genomes, NA-treated cells on coverslips were infected with cell associated virus 

harvested from coinfection for 12 hours, followed by fixation and immunostaining for 

IAV HA and RSV F (Figure 4-24). Imaging by confocal microscopy revealed the 

presence RSV single infected cells and more importantly, coinfected cells (Figure 

4-24A). It is likely that the coinfected cells were coinfected by IAV and RSV 

simultaneously due to two factors. First, the timing of fixation (12 hours) was too 

early to enable secondary rounds of viral replication that may allow foci of infection 

to overlap, resulting in coinfection. Secondly, the viral MOI was low, estimated 

between 0.01-0.1 based on the cell density used for seeding cells to coverslips and 

the back titration of the cell associated fraction from coinfection. This means that the 

probability of IAV and RSV particles infecting the same cell at random would be low, 

therefore it is more likely that viral genomes were delivered together. These two 

factors, in addition with the fact that the cells had been NA-treated and therefore 

rendered more resistant to IAV infection, makes it highly likely that coinfected cells 

are a result of infection by CVPs. This implies that some CVPs are dual infectious 

units, carrying infectious genomes for both IAV and RSV. 
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Super-resolution confocal microscopy was used to examine coinfected cells. 

Filamentous structures that were dual positive for both IAV HA and RSV F were 

observed extending from coinfected cells (Figure 4-24B). This suggests that both 

IAV and RSV can establish their replication cycle in a cell that has been coinfected 

by a CVP. Further to this, the CVP forming phenotype is maintained upon 

transmission between cells, and infection by a CVP results in formation of more 

CVPs in the viral progeny. 

 

 

Figure 4-24: Chimeric viral particles facilitate coinfection of neuraminidase 

treated cells. A549 cells were treated with neuraminidase, then infected with cell 

associated virus harvested from mixed infection. Cells were fixed at 12 hpi stained 

for HA (magenta) and F (green) and imaged by standard and super-resolution 

confocal microscopy. (A) Neuraminidase treated cells infected by RSV or 

coinfected, imaged a low magnification (40x objective) by confocal microscopy. 

Scale bar indicates 50 µm. (B) Super-resolution confocal image of a cell that has 

likely been coinfected by a CVP, producing HA and F positive filaments. Scale bar 

indicates 10 µm.  

 

Overall, these findings indicate that CVPs represent a subpopulation of infectious 

virus particles with expanded tropism. This property facilitates IAV entry by an 

alternative mechanism mediated by the RSV glycoproteins.  
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4.3.9 Investigating neutralising antibody escape by chimeric viral particles 
 

As well as essential roles in viral entry and budding, viral envelope proteins are 

important antigens which elicit an adaptive immune response. Binding of antibodies 

to IAV and RSV glycoproteins can result in viral neutralisation, by preventing 

interaction between glycoproteins and cellular entry receptors. By incorporating 

glycoproteins from both IAV and RSV, CVPs may have means of evading 

neutralising antibodies targeted towards IAV or RSV, by ultilising the glycoproteins 

of the other virus.  

To test whether IAV can use this mechanism to evade neutralising antibodies, virus 

harvested from single and mixed infections was incubated with a polyclonal antibody 

targeting IAV HA. Serum was checked for cross-reactivity with RSV by titrating 

serum against 1000 pfu/well IAV and RSV viral stocks. Figure 4-25A and B shows 

that HA anti-serum used was completely neutralising up to 1/1600 dilution against 

IAV and showed no cross-neutralisation activity with RSV. Anti-serum targeting RSV 

was also tested, however, complete neutralisation of RSV was only observed at low 

antibody dilutions and cross-neutralising reactivity with IAV also occurred at these 

dilutions (Figure 4-25C). Therefore, this anti-serum was not used for further 

experiments. Due to time constraints, further RSV anti-serums were not tested, 

therefore RSV neutralisation was not investigated. 
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Figure 4-25: Cross-reactivity testing of IAV and RSV anti-sera.  Anti-serum was 

titrated starting at 1/100 dilution, to 1/6400 dilution, against 104 pfu/well of IAV or 

RSV stock. Serum and virus were incubated together, prior to transfer to A549 cells. 

Infections were incubated for 24 hours, followed by fixation. Cells were 

immunostained for IAV NP or RSV N and infection was measured using Celigo 

automated cytometer. (A) Well images of viruses incubated with HA anti-serum 

show no difference in RSV infection in the presence of serum or serum-free control 

(bottom row), whilst showing inhibition of IAV infection in all wells containing 

compared to the serum-free control. (B) Neutralisation by HA anti-serum was 

calculated as a percentage of the serum-free control for each dilution. Complete 

neutralisation of IAV infection was observed up to 1/1600 dilution (magenta bars), 

while no neutralisation was observed against RSV, indicating that the serum does 

not cross-react. (C) Neutralisation by RSV anti-serum was calculated as a 

percentage of the serum-free control for each dilution. Complete neutralisation of 

RSV infection was only observed at 1/100 dilution (green bars) and cross-reactive 

neutralisation of IAV was observed at 1/100 to 1/400 dilutions (grey bars). 
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To determine if CVPs could mediate evasion of IAV targeting antibodies, A549 cells 

were infected with IAV (MOI=1) and RSV (MOI=4), or a mixed inoculum of both 

viruses, and released and cell associated virus was collected at 24 hpi. These virus 

samples were immediately incubated with neutralising sera targeting HA for two 

hours, before transfer to A549 cells. A saturating antibody dilution of 1/200 was 

selected for neutralisation experiments to ensure that any IAV infection observed 

was due to antibody evasion. Positive control wells containing 105 pfu of IAV stock 

virus were used to confirm that the concentration of antibodies used was completely 

neutralising at this viral titre, and samples were back titrated to determine pfu/well. 

Infections were incubated for 24 hours, without TPCK in the infection media to limit 

IAV spread, before fixation, immunostaining for IAV NP and counting of infected 

cells. 

Released IAV from single infection was completely neutralised by the serum, while 

the entry of cell associated virus from single infection was reduced by 90%, 

compared to the matched serum-free wells (Figure 4-26A and B). In mixed infection, 

for cell associated virus there was a noticeable reduction in neutralisation in mixed 

infection compared to single infection (figure 4-26B). However, the extent of 

neutralisation (both from single and mixed infection) was highly variable and no 

statistically significant difference in neutralisation between cell associated samples 

was observed. However, immunofluorescence imaging of cells stained for IAV NP 

showed a clear trend toward increased evasion of neutralising serum for cell 

associated virus from mixed infection, compared to single infection samples (Figure 

4-26D).  

Samples were back titrated by plaque assay to determine pfu/well (Figure 4-26C). 

In the mixed infection, cell associated virus titres were greater than other sample 

types, approaching 105 pfu/well. Whilst the positive control shows that 105 pfu of IAV 

was completely neutralised by the concentration of serum applied, defective 

particles or other HA-coated artifacts were not controlled for. These may have varied 

in abundance between single and mixed infections, which could have affected the 

extent of neutralisation, by providing alternative HA-coated targets for neutralising 

antibodies. Therefore, it is not clear if the reduction in neutralisation observed may 

be due to a higher input of virus, rather than true antibody evasion by CVPs. Overall, 

these experiments suggest that CVP formation may play a role in antibody evasion. 

However, further optimisation of experimental design is required to determine if the 
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trends observed are truly a reflection of the action of CVPs, rather than issues with 

experimental design.  

  

Figure 4-26: Neutralisation assays show a trend towards antibody evasion in 

the mixed infection. (A) IAV infection was measured on the Celigo automated 

cytometer. Well images show levels of IAV infection when incubated with sera or 

without sera for single and mixed infection samples and positive control. (B) 

Neutralisation was calculated from the mean count of IAV infected wells from the 

wells containing serum, as a percentage of the mean infection from the serum-free 

wells (mean from 3 technical replicates). Data points show data from three 

independent experiments and error bars show standard deviation. Statistical 

significance was determined by unpaired t-test, ns p≥0.05. (C) Back titration of 
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samples to determine pfu/well for released and cell associated virus in single 

(magenta) and mixed (blue) infection. (D) Immunofluorescence images of levels of 

IAV infection after A549 cells infected with released or cell associated virus in single 

and mixed infection at 24 hpi. Samples were incubated without (top row) or with  

(bottom row) serum prior to infection of A549s. Scale bars indicate 50 µm. 

 

4.4 Discussion 
 

Our understanding of virus-virus interactions within coinfected cells is limited and 

few studies have characterised these interactions. A shared tropism for ciliated 

airway cells, along with shared routes of egress, assembly and budding provide the 

potential for virus interactions to occur between IAV and RSV within a coinfected 

cell. Experiments described in Chapter 3 demonstrate that IAV and RSV readily 

coinfect A549 cells and coinfected cells exhibit features of the replication cycles of 

both viruses. IAV and RSV nucleoproteins and glycoproteins appeared to colocalise 

to the same regions on the plasma membrane, therefore, this chapter set out to 

explore the hypothesis that IAV and RSV components interact during viral assembly 

and budding. A combination of high-resolution imaging methodologies, along with 

functional experiments, were used to characterise a novel interaction that occurs 

during viral assembly and budding. 

Concordance between imaging methodologies provided strong evidence of the 

formation of chimeric viral particles. Super-resolution confocal microscopy showed 

that viral filaments incorporate glycoproteins from both IAV and RSV, with IAV HA 

predominantly incorporated at this distal end of the filaments. Next, SEM imaging of 

coinfected cells showed that some viral filaments contained branching structures 

that were analogous in morphology to bacilliform IAV particles. Finally, cryo-ET 

provided evidence of formation of two classes of hybrid viral particles, formed from 

components of both IAV and RSV. The formation of CVPs represents a previously 

undescribed interaction between unrelated viruses, with important implications for 

coinfection pathogenesis and for our understanding of viral assembly and 

interaction.  

The formation of CVPs challenges our understanding of virus assembly. Assembly 

and budding are considered to be tightly regulated processes, in which virus 

particles form through coordinated interactions between viral components and the 
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host cytoskeleton. The experiments described in this chapter show that CVPs can 

form within coinfected cells, and that they maintain structural integrity and infectivity. 

This is at odds with the concept of tightly regulated assembly pathways, and 

indicates that, at least for some viruses, there is flexibility within these processes. 

By studying viruses in isolation in tightly controlled experimental environments, this 

flexibility may be overlooked. Viral coinfection studies can provide important 

information about viral interactions, but also shed light on important properties of the 

individual viruses themselves. 

The CVPs identified in by cryo-ET only formed in one order: RSV with IAV extending 

from the filament tip, not vice versa. Additionally, pseudotyped RSV particles were 

identified, but not pseudotyped IAV particles. This suggests RSV may possess 

important structural properties that allow it a greater capacity to incorporate non-self 

components, while IAV may be less compatible. RSV is a highly pleomorphic virus, 

with filamentous RSV morphology widely considered to be the infectious form 

(Liljeroos et al., 2013).  Structural studies show tight association of the matrix layer 

to straight edges on RSV filaments, but the matrix did not extend to the top of the 

filament, and becomes dissociated in pleiomorphic RSV virions (Kiss et al., 2014; 

Kuppan et al., 2021).  Incorporation of IAV particles was observed only at the tip of 

RSV filaments and it’s possible that this occurs within these regions due to the lack 

of highly regulated structure, driven by the association of matrix protein with the viral 

envelope and F glycoproteins.  

It is unclear however how the IAV is incorporated in the first instance. CVPs may be 

forming during the viral budding process. SEM data showed extensive formation of 

small IAV particles budding at the surface of coinfected cells, while RSV filament 

formation appears restricted to form tight bundles. This contrasts with RSV single 

infection, where filaments are produced across more extensive areas. Cryo-ET 

showed IAV and RSV particles can bud in very close proximity (>500nm) on the 

surface of the cell. RSV filaments are considerably larger than bacilliform IAV 

particles and can extend up to 12µm in length (Ke et al., 2018), therefore, 

incorporation of IAV particles could occur during RSV budding, where small IAV 

particles that are budding next to an RSV particle are simply incorporated in the 

process of forming a larger RSV filament. Imaging of IAV and RSV budding sites in 

coinfected cells may provide more insight into the formation of CVPs. Only two viral 

budding sites on thin sections of filopodia were imaged by cryo-ET and it was not 
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possible to visualize further budding sites due to sample thickness. Samples must 

be less than ~500nm thick to allow cryo-EM imaging. Methodologies could be 

applied to allow access to the cell membrane and cytoplasm. Grids were coated 

with laminin to aid cell adhesion to the carbon support surface, however different 

extracellular matrix substrates, for example fibronectin (Carter et al., 2020), can be 

applied to encourage cells to spread, therefore increasing the surface area of thin 

cytoplasmic regions that are accessible for imaging. Alternatively, focused ion beam 

(FIB) milling could be used to generate thin lamellae sections in the cytoplasm, 

which could then be accessed for cryo-ET. To increase the probability of finding 

CVPs, a correlated light and electron microscopy (CLEM) approach could be taken, 

where targets are fluorescently labelled and imaged using light microscopy, prior to 

electron microscopy imaging. In this chapter, live immunolabelling of coinfected cells 

for HA and F was optimised (Figure 4-5). This could be used to identify the 

coinfected cells within grids that appear to be producing viral filaments, which would 

enable a more targeted approach for identifying regions of interest to image by 

tomography. 

An alternative potential mechanism for the formation of CVPs is that they form after 

virion assembly. The RSV fusion glycoprotein induces the fusion between adjacent 

lipid membranes, by the triggering of a dramatic conformational change in the 

protein, that enables its insertion into the adjacent membrane (Zhao et al., 2000; 

McLellan et al., 2011), bringing the membranes close enough to enable membrane 

fusion.  If newly formed RSV and IAV particles become associated due to the close 

proximity of their budding sites, the RSV F may interact with the lipid envelope of 

IAV virions, which could potentially trigger fusion of viral envelopes.  This hypothesis 

is supported by the curved density in some tomograms, at the site of membrane 

joining. This structure is potentially the M1 matrix layer of IAV or matrix associated 

with membrane. It is not possible to conclude with certainty what these structures 

are within this cryo-ET dataset, however it’s possible to speculate as to how these 

structures may be forming. If a fully formed IAV virion interacts with the F 

glycoproteins on a neighboring RSV filament, this may be sufficient to fuse viral 

membranes, causing the membrane to dissociate from the matrix and leaving 

behind an intact IAV matrix layer at the site of membrane fusion.  

Another interesting research question is related to the assembly of pseudotyped 

RSV particles. In our cryo-ET dataset, incorporation of HA to RSV filaments often 
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occurred at the distal end of the filament. As proposed for formation of CVPs, lack 

of matrix association to viral envelope at the distal end of the filament may enable 

pseudotyping here. However, multiple examples of pseudotyped RSV virions that 

incorporated HA down the full length of the filament were also identified. This raises 

a number of questions about the assembly and structural compatibility of 

pseudotyped particles. First, how are these IAV glycoproteins being incorporated? 

Kiss et al. showed that ~85% of the surface area of filaments membranes were 

associated with matrix (Kiss et al., 2014). The matrix has been shown to interact 

with the C-terminus of RSV F glycoprotein, therefore mediating the assembly of RSV 

filaments (Shaikh et al., 2012). Conley et al. showed that helical arrangement of 

RSV glycoproteins is directed by the helical lattice that matrix proteins form within 

an RSV filament (Conley et al., 2021). From our tomograms, it was not possible to 

discern differences between IAV and RSV matrix, to allow identification of the matrix 

layer in RSV pseudotypes. If pseudotypes contain RSV matrix, then an interesting 

question arises as to how IAV glycoproteins are incorporated in an arrangement that 

is similar to that seen in IAV virions, while in non-pseudotyped RSV filaments, the 

matrix directs the helical arrangement of RSV glycoproteins (Conley et al., 2021). 

Further studies are essential to characterise the nature of the interaction between 

structural proteins within pseudotyped particles. Sub-tomogram averaging may 

provide an indication of the interaction, however, generating and imaging a sufficient 

number pseudotyped RSV particles to gather sufficient structures for averaging may 

be technically challenging.  

CVPs incorporate the glycoproteins of both IAV and RSV. This generated the 

hypothesis that this property could allow CVPs to possess the receptor specificity 

for both IAV and RSV cellular entry receptors, thereby expanding tropism of IAV and 

RSV. To determine if this was the case, IAV’s receptor, sialic acid, was removed 

from cells using exogenous NA treatment. Analysis of IAV entry in NA-treated cells 

compared to untreated control cells showed that entry of IAV harvested from a single 

infection was blocked by the degradation of IAV receptors. In the cell associated 

fraction, there was an increased level of IAV entry compared to released virus. It is 

unclear why this occurred, but the phenotype was also observed in cell associated 

fractions in the neutralisation assay, in that a proportion of cell associated virus 

escaped neutralisation by HA anti-serum, while the released virus fraction was 

completely neutralised. Potentially, virus associated with fragments of cell debris 
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are internalised by different mechanisms, via receptors or endocytosis signals on 

the cell debris. 

While entry of IAV from a single infection was blocked in NA-treated cells, entry of 

IAV from a mixed infection was significantly increased and this phenotype was 

particularly prominent for cell associated virus. This demonstrates that IAV has 

expanded tropism when generated in a coinfection and this phenotype is likely to be 

mediated by CVPs, via use of RSV glycoproteins for cellular entry. Furthermore, 

confocal imaging of NA-treated cells infected with virus from a mixed infection and 

stained for IAV HA and RSV F showed that infection by a CVP results in coinfection 

by IAV and RSV. This demonstrates that some CVPs possess dual infectivity for 

both IAV and RSV. Additionally, cells infected by CVPs showed evidence of 

production of more CVPs, indicating that CVP formation is a phenotype that is 

maintained upon transmission between cells. The next step is to understand 

whether CVPs mediate viral spread within a population of cells. This experiment 

could be achieved by measuring the spread of CVPs using a focus forming assay, 

in cells deficient of sialic acid, or in the presence of a neutralising antibodies 

targeting IAV or RSV. This would determine if the viruses eventually segregate, 

resulting in distinct IAV and RSV foci of infection, or is coinfection maintained, by 

consistent co-transmission of IAV and RSV genomes between cells via formation of 

CVPs. 

In natural infection, CVP formation, and the resulting alteration to viral tropism, may 

have implications for within host dissemination of viruses, by allowing entry to cells 

that may be refractory to infection by one of the parental viruses. Two thirds of RSV 

infections progress to the cells in the lower respiratory tract, which results in more 

severe disease, including bronchiolitis. The majority of uncomplicated seasonal IAV 

infections by H1N1 and H3N2 viruses do not progress to the lower respiratory tract 

(LRT), however if infection does progress to the LRT it can result in severe disease, 

including viral pneumonia and acute respiratory distress syndrome (Kalil and 

Thomas, 2019). RSV has specific cellular tropism for ciliated epithelial cells and type 

I alveolar pneumocytes (Johnson et al., 2006). IAVs can also infect type I and II 

alveolar pneumocytes, but progression of infection to the LRT is less frequent with 

seasonal human IAVs, due to the distribution of sialic acids within the respiratory 

tract. The clinical outcome of IAV and RSV coinfections are unclear, but some 

studies do report coinfections with increased incidence of viral pneumonia 
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(Echenique et al., 2013; Asner et al., 2014). If CVPs form within the respiratory tract, 

this may facilitate IAV spread cell types within the lung, potentially resulting in more 

severe disease.  

RSV tropism in the context of CVPs was not investigated, due to time constraints 

and technical challenges with experimental design due to RSV interactions with 

multiple cellular receptors. Multiple host cell proteins, including heparin sulphate 

(Krusat and Streckert, 1997), CX3C-chemokine receptor 1 (CX3CR1) (Johnson et 

al., 2015), ICAM-1 (Behera et al., 2001) and epidermal growth factor receptor 

(EGFR) (Currier et al., 2016), have been implicated in RSV attachment in cell 

culture. Recently IGFR1 was identified as an important entry receptor that interacts 

directly with F (Griffiths et al., 2020), alongside co-receptor nucleolin which may be 

a primary mediator of RSV attachment (Tayyari et al., 2011; Mastrangelo et al., 

2021). Due to the potential involvement of multiple attachment and entry receptors, 

it could prove technically challenging to entirely block RSV entry in our cell system. 

Incubation of RSV with neutralising serum would be a cleaner method for blocking 

RSV entry. This experiment was explored, however, due to time constraints, only 

IAV neutralisation experiments were carried out.  

The ability of CVPs to evade neutralising antibodies was also investigated. Entry of 

IAV from single infection completely neutralised by serum targeting HA. Some IAV 

harvested from a coinfection was able to enter cells after incubation with sera, 

suggesting some evasion of neutralisation may be occurring, however the difference 

between entry in single infection and coinfection was not statistically significant. In 

the cell associated fractions, there was high variability in neutralisation across 

biological replicates. This was likely to be a result of high variation in raw count data, 

therefore experimental protocol used for this experiment must be further optimised, 

to reduce inter-experiment variability. An important factor that may have increased 

variability was the timing of fixation. Virus was incubated with neutralising serum, 

followed by infection for 24 hours. IAV can undergo multiple rounds of replication 

within 24 hours, therefore, IAV that has escaped neutralisation would have been 

able to replicate and spread, confounding subsequent cell counts collected at 24 

hpi. Trypsin TPCK was omitted from infection media in neutralisation experiments 

to limit IAV spread, but this may not have reduced IAV spread entirely in A549 cells.  

The ability of CVPs to alter the antigenicity of IAV and RSV and facilitate evasion of 

neutralising antibodies is an important biological property. If sustained coinfection 
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driven by cell-cell transmission of CVPs can be achieved within a host, then a virus 

may be able to evade neutralisation and establish infection within the respiratory 

tract of a host that would otherwise be protected from infection. Neutralisation 

experiments carried out for this project indicated a potential phenotype, but 

experimental protocols must be refined to investigate this properly. Further, the role 

of CVPs in mediating neutralising antibodies targeting RSV must be investigated. 

This was explored, by testing the RSV anti-serum, but surprisingly, cross-reactive 

neutralisation was identified with IAV. Therefore, this serum could not be used to 

determine if IAV glycoproteins mediate RSV antibody escape. Palivizumab is a 

humanized IgG monoclonal antibody targeting an antigenic epitope of RSV F, which 

is a licensed therapeutic for use as a prophylactic against severe RSV disease 

(Luna et al., 2020). It has potent RSV neutralisation properties, therefore would be 

a suitable reagent for neutralisation experiments to determine the functional impact 

of CVPs on RSV antibody evasion. 

The identification of CVPs represents a previously uncharacterised, direct 

interaction between two clinically important respiratory viruses, which results in the 

form of a structural hybrid particle, containing genomes from both viruses. From a 

public engagement perspective, the nature of these particles raises questions about 

potential for recombination between IAV and RSV genomes. Therefore, it is 

important to discuss the potential for biosafety risks associated with this finding. 

First, the virus stains used in these experiments were prototypic, laboratory adapted 

viruses. Both viruses could be safely handled in a biosafety level two laboratory, 

therefore the pathogenic risks of combining these viruses in coinfection experiments 

is low. However, even if CVPs formed between clinically relevant and currently 

circulating strains of IAV and RSV, the risk of recombination between these viruses 

would be negligible in these experiments. Unlike dsRNA viruses, retroviruses and 

some (+)ssRNA viruses, such as coronaviruses (Su et al., 2016) and enteroviruses 

(Savolainen-Kopra and Blomqvist, 2010), (-)ssRNA viruses have extremely low 

rates of homologous recombination (Chare et al., 2003; Boni et al., 2010). Whilst 

there is huge genetic diversity between IAVs due to segment reassortment, there is 

little evidence of homologous recombination within IAV genomes (Boni et al., 2010).  

There is a reported example of homologous recombination between RSV genomes 

in vitro, however no evidence of recombination has been found in evolutionary RSV 

sequences (Spann et al., 2003). Low levels of (-)ssRNA genome recombination is 

attributed to tight control of genome expression, which results in fast sequestering 
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of newly formed genomes with nucleocapsid proteins to form RNP complexes. This 

vastly reduces the opportunity for RNA hybridization, so prevents template 

switching, that could enable recombination to occur. Additionally, RNA-dependent 

RNA Polymerases (RdRPs) specifically use RNA in the context of RNP as a 

substrate (te Velthuis et al., 2021), which reduces the size of the pool of substrates 

available to the RdRP, further reducing the potential for template switching. In a cell 

coinfected with IAV and RSV, not only will opportunity for recombination be low due 

to the factors described above, but also due to the physical separation of replication 

centres into specific sub-compartments of the cell. Once inside the cell, IAV vRNPs 

are quickly trafficked into the nucleus for replication (Dou et al., 2017), while RSV 

replication occurs within cytoplasmic inclusion bodies (Rincheval et al., 2017). The 

formation of CVPs results in the formation of a structural hybrid, rather than a genetic 

hybrid and once the CVP infects the cell, the consequence is the same as if IAV and 

RSV independently infected the same cell.  

An important limitation of this work is the use of an in vitro cell system. Whilst derived 

from the human lung, A549 cells lack the heterogeneity, spatial arrangement, and 

multi-layered polarity of the airway epithelium in the upper respiratory tract. IAV and 

RSV share tropism to infect ciliated epithelial cells (Johnson et al., 2006; Wu et al., 

2016), therefore, if coinfection were to occur during natural infection, is likely to 

occur predominantly in these cells. Both viruses also assemble and bud from the 

apical surface of ciliated cells (Rossman and Lamb, 2011; Ke et al., 2018), so there 

is potential for interactions that could result in the formation of CVPs. However, it is 

likely that the fundamental processes involved in viral assembly and budding would 

be conserved between continuous cell culture systems and primary differentiated 

cells. Therefore, there is potential for IAV and RSV CVPs to form by similar 

mechanisms as in A549 cells, provided ciliated cells become coinfected by IAV and 

RSV. To identify individual CVPs budding from differentiated airway cells proves 

technically very challenging, due to the morphology of the airway cells and the 

diffraction limits of light microscopy when imaging in three-dimensions. However, 

whilst imaging of budding viral filaments was no achieved, the following results 

chapter discusses IAV and RSV coinfection in a model of the differentiated airway 

epithelium and explores localisation of IAV and RSV proteins within coinfected 

airway epithelial cells.  
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Overall, the formation of hybrid viral particles represents a previously 

uncharacterised virus-virus interaction, between co-circulating and clinically 

important respiratory viruses. This interaction has important functional implications 

in viral transmission within host and also provides novel insights into viral assembly 

and interaction between viral components.  
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Chapter 5 

5 Influenza A virus and 
respiratory syncytial virus 
coinfection in a differentiated 
model of the airway epithelium  
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5.1 Introduction 
 

Coinfection studies described in Chapters 3 and 4 were carried out using A549 cells: 

a transformed cell line, derived from the human lung. This system has many 

benefits, including uniformity allowing for tightly regulated experimental conditions; 

being highly permissible to infection by both IAV and RSV; and being easy to image 

at high resolution. However, this system lacks the heterogeneity, spatial and 

structural organisation, and physiological conditions of the airway epithelium.  

A549 cells are derived from alveolar adenocarcinoma (Giard et al., 1973). 

Transformed cell lines, including tumour derived cell lines, are known to have 

dysregulated signaling pathways, that may impact cellular response to infection 

(Hillyer et al., 2015; Charman et al., 2021). Hillyer et al. compared RSV infection in 

A549 cells and BEAS-2B cells, a non-tumour cell line, derived from the bronchial 

epithelium. They showed that while RSV infection was widespread in A549 cells, 

infection was restricted to small puncta in BEAS-2B cells. Additionally, they showed 

that virus induced host response was altered: A549 cells expressed more pro-

inflammatory cytokines regulated by nuclear factor κB (NF-κB), while infection of 

BEAS-2B resulted in increased expression of anti-viral signaling proteins and 

pathogen recognition receptors (Hillyer et al., 2015).  Charman et al. demonstrated 

that intrinsic immune protein, tripartite motif 22 (TRIM22), is constitutively expressed 

in primary and differentiated airway cells, however it was absent in a number of 

transformed cell lines, including A549 cells (Charman et al., 2021). Differences in 

intrinsic immunity and virus-induced signaling pathways will likely affect 

permissiveness to infection by IAV and RSV infection and viral spread throughout 

the system, therefore impacting likelihood of coinfection. 

Additionally, cell type can impact virus-induced cytopathic effect. In monolayer cell 

culture, RSV induces fusion of cells, to form multi-nucleated syncytia after which the 

virus was named (Shigeta, 1968). In coinfection with IAV, parainfluenza virus 2 

induced cell fusion has been demonstrated to enhance IAV replication, as IAV 

infects syncytia, resulting in rapid viral spread (Goto et al., 2016). In differentiated 

cultures of the airway epithelium syncytia also forms, albeit at lower frequency 

(Neilson and Yunis, 1990; Tristam et al., 1998; Zhang et al., 2011; Broadbent et al., 

2016).  This may impact routes of viral spread during coinfection, therefore the 
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interaction phenotypes observed in coinfection may not reflect viral interactions in 

systems that are more representative of the human respiratory tract.  

Animal models have provided a good experimental system to investigate IAV and 

RSV interactions during coinfection. Ayegbusi et al. found that RSV replication was 

reduced in a mouse model of coinfection with IAV, compared to RSV infection alone. 

They also found that coinfection resulted in reduced disease pathology, particularly 

when mice were inoculated with IAV and RSV simultaneously, compared to either 

IAV or RSV single infection (Ayegbusi et al., 2019). Further, Chan et al. used a ferret 

model of coinfection and observed that RSV replication was delayed in the presence 

of IAV, and that signs of morbidity due to infection were reduced during coinfection, 

compared to IAV single infection (Chan et al., 2018). However, neither study 

examined localisation of infectious foci within the respiratory tract, therefore the 

extent of coinfection at the cellular level in these animals could not be determined. 

Whilst animal models provide a good model for the systemic response to infection, 

it is difficult to study direct interactions between IAV and RSV due to technical 

challenges in identifying and isolating samples from coinfected regions of the 

respiratory tract. Therefore, application of a more simplified model that still 

recapitulates many of the important physiological features of the airway is important. 

Air-liquid interface (ALI) models of the differentiated epithelium provide an 

experimental system derived from human tissue, that is easily obtainable and 

reflects the physiology of the human airway. Derived from primary cells obtained 

through nasal, tracheal or bronchial brushing, this culture system provides the 

biological conditions to enable differentiation of cells to form a pseudostratified 

epithelium. Cells are seeded onto transwell inserts, such that the apical surface of 

the culture is exposed to the air and the basal surface is submerged in media, 

containing the necessary growth factors for differentiation (Broadbent et al., 2016). 

This initial cell population then proliferates and differentiates to form a multi-layered, 

polarised epithelium, consisting of multiple airway cell types (Figure 5-1). Primary 

differentiated airway cultures reflect functional features of the upper respiratory tract, 

including coordinated cilia beating and mucus production. Additionally, as they are 

derived from primary cells, these cultures more closely reflect signaling pathways of 

in vivo tissues (Charman et al., 2021). Ex vivo respiratory explant cultures can also 

provide excellent systems for studying virus-induced cytopathology in the 

respiratory tract, however, accessibility for obtaining human tissue represents a 
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barrier to widespread use of this system for studying human pathogens. Primary 

differentiated culture systems, on the other hand, are increasingly available and are 

now widely used for respiratory pathogen research for animal and human viruses.  

 

Figure 5-1: Schematic of primary differentiated airway culture system. Primary 

cells are collected from donor via nasal or bronchial brushing and expanded via 

standard two-dimensional tissue culture. Cells are then seeded into transwell inserts 

and undergo a process of expansion, followed by differentiation. This results in the 

formation of a multilayered, polarised and heterogeneous culture containing multiple 

cell types and functional features of the upper respiratory epithelium.  

 

In primary differentiated and explant models of the airway epithelium, IAV infection 

results in substantial damage to the airway epithelium. In differentiated models of 

the porcine respiratory tract infected with swine, equine or canine influenza virus, 

widespread cilia loss was observed, but epithelial barrier function was maintained 

(Nunes et al., 2010; Patrono et al., 2015; Wu et al., 2016). Similarly, infection by 

human IAV H1N1 virus A/WSN has been shown to reduce cilia motility on ciliated 

epithelial cell cultures as early as 18 hpi (Smith et al., 2019).   

Histopathological analyses of fatal RSV cases showed loss of cilia, cell sloughing 

and excess mucus production. However, this pathology is thought to be associated 
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with the inflammatory response to infection rather than the virus itself, as 

immunostaining for RSV antigen in sections from paediatric cases of RSV showed 

large areas of infected tissue with no obvious signs of pathology (Welliver et al., 

2007). This is supported by published reports of RSV infection in differentiated 

airway cultures, where RSV has been shown to persist in cultures for over one 

month, without destruction of the epithelium (Zhang et al., 2002). Other studies 

report increased incidence of cell sloughing and formation of mucus plugs, 

containing apoptotic sloughed cells (Villenave et al., 2012). RSV infection occurs via 

the apical surface, targeting ciliated airway cells (Zhang et al., 2002; Broadbent et 

al., 2016).  Disruption to cilia beating has been reported (Tristam et al., 1998) and a 

study by Mata et al., demonstrated that RSV infection results in down regulation of 

β-tubulin and a reduction in the number of cells with beating cilia (Mata et al., 2012). 

RSV has also been demonstrated to infect non-ciliated cells, however there is no 

evidence that infection occurs in mucus producing cells (Villenave et al., 2012; 

Broadbent et al., 2016). There are, however, multiple reports of hyperplasia of goblet 

cells in RSV infected cultures  (Villenave et al., 2012; Mata et al., 2012).  

Primary differentiated culture systems have been used as a model to study 

coinfection between respiratory viruses, particularly in studying the role of viral 

interference, where infection by one virus blocks infection by a secondary virus. Wu 

et al. showed that cultures infected with RV, followed by IAV after a three-day 

interval, showed significant inhibition of IAV replication, compared to IAV infection 

alone. Using BX795, a drug that blocks innate immune signaling, they demonstrated 

that IAV inhibition was dependent on RV-induced interferon signaling, as IAV 

replication was restored in the absence of induction of interferon stimulated genes 

(Wu et al., 2020). Similarly, SARS-CoV-2 replication was completely inhibited in 

simultaneous coinfection with RV in differentiated bronchial cell cultures and was 

even inhibited when cultures were inoculated with RV 24 hours after initial infection 

with SARS-CoV-2. Experiments with BX795 also demonstrated that this viral 

interference was mediated by the interferon response to RV (Dee et al., 2021). 

Conversely, another study showed that both IAV and RSV mediated interference 

resulted in inhibition of RV replication during sequential challenge with RV as the 

secondary virus, but RV did not exert interference on either coinfecting virus 

(Essaidi-Laziosi et al., 2020). Interference induced by swine IAV in a model of the 

porcine respiratory epithelium was demonstrated to block coronavirus replication in 

a time dependent manner (Peng et al., 2021).   
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Whilst viral interference has been extensively studied in primary differentiated 

cultures, few studies described co-detection of both viruses replicating within the 

same culture system and there are no published examples of viral coinfection at the 

cellular level in primary differentiated airway cultures. This represents an important 

gap in our understanding of how viruses interact within the respiratory airway. 

Respiratory viral coinfections occur quite frequently (Nickbakhsh et al., 2016), 

however the extent to which coinfecting viruses interact within the respiratory 

epithelium is unclear.  Many respiratory viruses share tropism for specific regions 

and cell types within the respiratory tract. IAV and RSV are known to infect the same 

regions of the upper airway with specificity for ciliated cells (Johnson et al., 2007; 

Wu et al., 2016). This shared tropism provides the opportunity for coinfection and 

subsequent viral interactions to arise. Experiments described in Chapter 3 show that 

IAV can superinfect cells prior infected with RSV. If this property is conserved in 

natural infection, IAV may readily spread into regions containing RSV infectious foci, 

resulting in coinfection. High viral burst sizes (Möhler et al., 2005) and a shared 

tropism for regions of the respiratory tract mean there is strong potential for 

interactions at the cellular level between IAV and RSV in a coinfected host.  

Results described in the previous two chapters were identified in A549 cells, which 

do not reflect the biological complexity of the respiratory tract. Therefore, the overall 

aim of this chapter was to characterise features of coinfection by IAV and RSV in a 

primary differentiated model of the human bronchial epithelium, to determine if 

previously identified findings hold true in a more complex, physiologically relevant 

system. To this end, I had the following aims. First, to assess viral replication and 

spread of IAV and RSV during single virus infection and mixed in hBEC cultures. 

Next, to determine the extent of coinfection in hBEC cultures and understand the 

potential for interactions during viral assembly in coinfected cells. Finally, to 

compare the expression of key mediators of cellular signaling pathways in single 

and mixed infections. 
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coinfection experiments. Frazer Bell, Lynn Stevenson and Lynn Oxford processed 

tissue samples for paraffin embedding and sectioning; stained sections with 

hematoxylin and eosin; and performed immunohistochemistry staining for cleaved 

caspase 3. Verena Schultz optimised protocols for dewaxing and antigen retrieval 

for immunofluorescence staining.  

 

5.3 Results 

 

5.3.1 Differentiation of primary human bronchial epithelial cells at air-liquid 
interface generates cultures that recapitulate features of the upper 
respiratory tract  

 

Primary human bronchial epithelial cells (hBECs) were seeded onto transwell 

inserts and cultured at air-liquid interface (ALI). The apical side of the epithelium 

was exposed to air, while the basal side was submerged in growth media, which 

replicates the physiology of the epithelium in the respiratory tract. At ALI, hBECs 

differentiate to form a multi-layered, heterogeneous culture, consisting of multiple 

airway cell types (Figure 5-2).  

Hematoxylin and eosin (H&E) staining of sections of uninfected hBEC cultres 

showed the presence of multiple cell types, that reflect cell morphologies observed 

in human airway tissues (Figure 5-2A). Basal cells adhere to the transwell 

membrane and above this, multiple layers of cells can be identified. Columnar 

ciliated cells extend out to the apical surface of the culture and cilia decorates the 

apical surface. Coordinated beating of cilia can be observed in cultures from 

approximately >15 days post ALI initiation. Goblet cells, which do not incorporate 

H&E staining, can be identified in the apical layer, interspersed between ciliated 

cells (Figure 5-2A). This multilayered culture provides a tight barrier separating 

apical and basal surfaces. Staining of actin filaments using a fluorescently labelled 

phalloidin stain shows tight packing of epithelial cells when imaged from the apical 

surface (Figure 5-2B). While epithelial barrier function was not measured, the 

cultures displayed the hallmarks of a healthy, differentiated epithelium and therefore 

provided a suitable model for coinfection experiments  
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Figure 5-2: hBECs differentiate to form heterogeneous cultures with multiple 

airway cell types. (A) The apical surface of differentiated hBEC cultures is 

decorated with cilia and mucus is produced and released from goblet cells. Basal 

cells can be identified along the basal surface of the culture. Section from paraffin 

embedded transwell, fixed >35 days post ALI initiation. Section was stained with 

hematoxylin and eosin. Scale bar represents 50µm. (B) Apical staining of transwell 

for filamentous actin shows tight organisation of cells in differentiated cultures. 

Image shows maximum intensity projection of apical surface of hBEC culture, 

stained with phalloidin for filamentous actin (orange) and DAPI for nuclei (blue). 

Scale bar represents 50µm. 

 

5.3.2 IAV and RSV coinfection results in similar replication phenotypes to 
those observed in A549 cells 

 

In order to characterise replication of IAV and RSV in hBEC cultures, hBEC cultures 

were infected with 105 pfu of IAV, RSV, a mixed inoculum of both viruses, or mock 

infected. This inoculum concentration was greater than that used in previous 

coinfection studies in the same hBEC culture system (Dee et al., 2021) and was 

selected to try to establish a high level of coinfection. Samples were collected at 24, 

48 and 72 hpi by washing of the apical surface and titrated by plaque assay. 
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Figure 5-3: IAV replication kinetics are unchanged in coinfection with RSV. 

IAV replication kinetics in single infection (magenta line, circular points) and mixed 

infection (blue line, square points). Lines indicate the mean of six data points. The 

experiment was carried out in technical duplicate, from three independent 

experiments in different hBEC culture batches. The zero-hour timepoint was 

calculated from back titration of virus inoculum. Statistical significance was 

determined by Mann Witney test at each timepoint, no statistical differences were 

identified, p ≥0.05 not indicated. 

 

In single IAV infection, IAV replication peaked at 24 hpi, reaching titres above 108 

pfu/ml and remained constant at 47 and 72 hpi. In mixed infection with RSV, IAV 

replication kinetics were unchanged compared to single IAV infection, with IAV 

reaching its replication plateau at 24 hpi and maintaining a consistent titre above 

108 pfu/ml until 72 hpi (Figure 5-3). This indicates that IAV is replication unaffected 

by the presence of RSV in coinfected cultures.  
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Figure 5-4: RSV replication is variable, but generally reduced in coinfection 

with IAV. (A) RSV replication kinetics in single infection (green line, circular points) 

and mixed infection (blue line, square points). Lines indicate the mean of six data 

points. The zero hours timepoint was calculated from back titration of virus inoculum. 

Statistical significance was determined by Mann Witney test at each timepoint, ** 

p<0.01, p ≥0.05 is not indicated. (B) Median of each time point for single RSV 

infection (green bars) and mixed infection (blue bars), with individual data points 

shown in black. The experiment was carried out in technical duplicate, from three 

independent experiments in different hBEC culture batches.  

 

In single RSV infection, titres rose steadily over the 72-hour time course, reaching 

over 107 pfu/ml at 72 hpi (Figure 5-4A). The peak of RSV replication was not 

captured by 72 hpi, so an extended timescale would be required in future 

experiments to achieve this. In single RSV infections, titres from replicate samples 

across three independent experiments were quite consistent, with approximately 1 

log pfu/ml variation observed. In contrast, in mixed infections, RSV titres were highly 

variable, with titres from replicate samples ranging greater than 2 log pfu/ml per 

timepoint. At 24 hpi, RSV was significantly lower in mixed infection compared to 

single infection (p=0.0065 by Mann Witney test), but statistical differences were not 

identified at later timepoints, likely due to high variation between replicates. 

However, comparison of medians shows that there was a clear trend towards a 
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reduction in RSV titre in mixed infection with IAV, compared to single infection 

(Figure 5-4B).  

Overall, the replication phenotypes observed in hBEC culture infections were 

consistent with infections in A549 cells, suggesting conserved interactions may be 

occurring in both systems.  

 

5.3.3 IAV and RSV exhibit different cytopathic effects, and IAV-induced 
pathology dominates in mixed infection 

 

To compare the cytopathic effects induced in each infection, formalin fixed paraffin 

embedded (FFPE) cultures were sectioned and H&E stained, (Figure 3-5). Mock 

infected cultures show healthy morphology at all experimental timepoints. Mock 

infected cultures had even epithelial thickness across the culture and decoration 

with cilia across the apical surface, with no evidence of cell sloughing. There were 

differences in epithelial thickness between individual cultures, which was likely to be 

due to within batch variation in differentiation between cultures, rather than as a 

result of the experimental protocol. 
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IAV infection induced clear cytopathic effect and substantial damage to the 

epithelium by 48 hpi. Sloughed cells were detached from the epithelium, which 

suggests cell death in response to IAV infection (Figure 5-5, purple arrows). 

Pyknotic nuclei were also identified at 24 hpi and were more frequent at 48 hpi 

(Figure 5-5, blue arrows). Loss of nuclear integrity is an indicator of apoptosis. 

Epithelial thinning occurred over the time course and by 72 hpi, the epithelium 

consisted of only 1-2 layers of cells. Loss of cilia was also observed by 48 hpi (Figure 

5-5, red arrows) and virtually all columnar ciliated cells were depleted by 72 hpi. A 

few remaining cells did possess cilia structures, however these cells may have 

undergone metaplasia, as they no longer exhibited columnar morphology (Figure 5-

5, blue asterisk). 

RSV infection induced a markedly different CPE to IAV and resulted in remodeling 

of the epithelium. By 24 hpi, small depressions were observed on the surface of the 

epithelium, which increased by 48 and 72 hpi to form large indents across the 

epithelium (Figure 5-5, green asterisk). There was no evidence of cell death 

(indicated by cell sloughing or epithelial thinning) and no loss of cilia across the 

infection time course. RSV induces cell fusion to form multi-nucleated syncytia 

readily in monolayer cell culture. This CPE has also been observed in 

histopathological sections from the lungs of patients with fatal RSV cases (Johnson 

et al., 2007). However, there was no evidence of syncytium formation in the RSV 

infections described. 

In mixed infections, evidence of CPE induced by both RSV and IAV was present on 

sections. At 24 hpi, small indentations formed at the apical surface of the epithelium 

and some evidence of onset of cell death (Figure 5-5). There was batch to batch 

variation in the timing of the onset of CPE. In some infections the epithelium retained 

integrity at 24 hpi (Figure 5-5), while in other infections cell sloughing was observed 

at 24 hpi (data not shown by H&E, immunofluorescence Figure 5-6). However, by 

48 hpi, CPE was consistent between batches and substantial cell death was 

observed. By 72 hpi, coinfected cultures displayed the same pathological features 

as IAV-only infection: the epithelium had thinned to 1-2 cell layers and sloughed 

cells had detached from the epithelium. Wide-spread loss of ciliated cells had also 

occurred. 
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5.3.4 Immunofluorescence staining shows robust infection by both viruses 
and absence of exclusion interactions in coinfected sections 

 

Next, to understand viral spread within the tissue, sections were stained for viral 

proteins (Figure 5-6). IAV was detected using a mouse monoclonal antibody 

targeting IAV HA and RSV was detected using a polyclonal antibody, that was raised 

against the whole virus. These antibodies were selected due to their compatibility in 

staining protocols in FFPE sections. Primary antibodies used previously in Chapter 

4 were tested to stain FFPE sections for IAV HA and RSV F but did not produce any 

signal after optimisation attempts, potentially due to destruction of epitopes in 

paraffin embedded sections.  

IAV infection resulted in diffuse infection across the apical surface of the airway 

epithelium by 24 hpi. Some signal was also detected in the lower layers of the 

epithelium, suggesting IAV spread from the apical surface down into the epithelium 

(Figure 5-6). At 48 hpi, sloughed cells were highly positive for HA and some HA 

positive cells remained on the epithelium. At 72 hpi, little IAV HA staining was 

observed, and signal was predominantly associated with sloughed cells. The 

remaining epithelium was only 1-2 cell layers thick and very few remaining cells 

were positive for IAV (Figure 5-6), suggesting that, whilst the infection was 

widespread across the rest of the epithelial culture, it was not able to spread to the 

basal cell layer. The pattern of HA staining implies that cells infected with IAV 

undergo cell death and detachment, resulting in a clearance of IAV infection from 

the remaining cell layer. It also suggests that the remaining basal cells may confer 

a level of resistance to IAV infection.  

Infection by RSV also resulted in robust viral spread by 24 hpi (Figure 5-6). Antigen 

positivity was primarily detected at the apical surface of infected cultures. RSV 

infection remained limited to the apical layer of cells over the 72-hour time course, 

despite extensive remodeling of the epithelial structure. This was expected, as RSV 

demonstrates specific tropism for ciliated cells in the upper respiratory epithelium 

(Johnson et al., 2007; Zhang et al., 2011).  
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In mixed infected cultures, IAV and RSV positive cells could be identified at 24 and 

48 hpi. As described for figure 5-4, there was batch to batch variation in the onset 

of CPE seen at 24 hpi. In the cultures shown in Figure 5-6, cell sloughing could be 

observed by 24 hpi. All sloughed cells appeared positive for HA but some also 

contained positivity for RSV. In other batches, the epithelium remained intact at 24 

hpi and both IAV and RSV positive cells could be identified in the epithelium (Figure 

5-7). The majority of cells were infected by IAV or RSV (Figure 5-7).  Some cells 

were coinfected, however, the proportion of coinfected cells was low at 24 hpi. This 

suggests that primary differentiated hBEC cells are less susceptible to coinfection 

than A549 cells, where a high level of coinfection was identified at 24 hpi. At 48 hpi, 

sloughed cells positive for IAV and RSV were identified, and the remaining 

epithelium was markedly thinner. Similar to IAV only infection, at 72 hpi, lit tle viral 

antigen remained in the epithelium, with 1-2 layers of cells remaining (Figure 5-6). 

 

 

Figure 5-7: IAV and RSV infection occurs within the same epithelium and 

coinfection occurs. Coinfected culture at 24 hpi, with intact epithelium coinfected 

with IAV (magenta) and RSV (green). White arrows indicate examples of coinfected 

cells. 
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5.3.5 Apical localisation of IAV and RSV proteins in coinfected cells 
provides opportunity for viral interactions  

 

The experiments described in Chapter 4 show that IAV and RSV readily coinfect 

A549 cells and viral glycoproteins mix in regions of budding viral filaments. Further, 

cryo-electron tomography (cryo-ET) revealed that hybrid viral progeny were formed 

from coinfected cells. IAV and RSV share tropism for ciliated cell types and viral 

assembly and budding occurs at the apical surface of the epithelium (Oomens et 

al., 2006; Johnson et al., 2007; Wu et al., 2016). In a coinfected cell, formation of 

chimeric viruses requires opportunity for assembling IAV and RSV particles to 

interact at the apical surface of the cell. Therefore, to determine the potential for 

chimeric virus formation in hBEC cultures, we examined virus interaction at the 

apical surface of coinfected cells by looking at localisation of viral proteins using 

super resolution microscopy. Sections stained for IAV HA and RSV were regions 

containing coinfected cells were specifically targeted for imaging.  

There did not appear to be substantial colocalisation between viral proteins, 

however, both appeared in close proximity within apical regions (Figure 5-8).  At this 

resolution, it was not possible to distinguish between budding filamentous virions 

and cilia, however the presence of both viruses’ proteins at the apical surface of 

coinfected cells is promising indication that IAV and RSV may come into contact 

during viral assembly and budding from coinfected primary differentiated airway 

cells. 
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Figure 5-8: IAV and RSV proteins localise to the apical surface of coinfected 

cells. FFPE section from a coinfected culture, fixed at 24 hpi and stained for HA 

(magenta) and RSV antigen (green). Image shows coinfected cells, indicated by red 

arrows. Inset image of magnified coinfected cell shows localisation of HA and RSV 

proteins to the apical surface of cells. Scale bar represents 20 µm. 

  

FFPE sections were analysed from transwells fixed at 24 hpi. At this timepoint, 

coinfection was observed, but it was not widespread throughout the culture. By 48 

hpi, substantial viral induced damage to the epithelium prevented the detection of 

coinfected cells with intact morphology. To capture coinfection before the onset of 

CPE, cultures were fixed at 30 hpi and were imaged from the apical surface (Figure 

5-9). This allowed for imaging of a wider area of the epithelium, so gave a better 

indication of the extent of coinfection. Cultures were stained for IAV HA and RSV F, 

using antibodies optimised for immunofluorescence of formalin fixed cells 

(described in Chapters 3 and 4). Z-stacks were collected through the top layer of 

cells in the culture. Apical staining showed widespread infection across the culture 

by both IAV and RSV (Figure 5-9). Foci of coinfection could be observed from the 

apical surface of cultures and in some cells, HA and F were colocalized in 

filamentous structures extending from the cell surface (Figure 5-9 B-E). Further 
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analysis by co-staining for β-tubulin is required to determine if these structures are 

cilia or budding viral filaments.  

 

Figure 5-9: Three-dimensional reconstruction of apical surface of coinfected 

cultures showing coinfected foci. Cultures stained from apical surface for IAV HA 

(magenta) and RSV F (green). White regions show areas of colocalisation between 

viral proteins. (A-D) show magnified regions of coinfection highlighted in main image 

by white boxes. Scale in from 0 to 130 µm X and Y dimensions, and 0 to 30 µm in 

Z dimension, markings in 10 µm increments. 
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5.3.6 Antiviral signaling pathways are induced by both IAV and RSV 
infection 

 

To understand how infection by IAV and RSV impacted host cell signaling, sections 

were stained for host proteins that are important mediators of virus-induced 

signaling pathways  

First, sections were stained against myxovirus resistance protein A (MxA). MxA is 

an interferon-induced protein, whose expression is upregulated in response to type 

I (α and β) and type III (λ) interferon (IFN) signaling. Mx proteins possess conserved 

antiviral activity over multiple host species, active against a diverse range of viruses, 

in particular RNA viruses (reviewed by [Verhelst, Hulpiau and Saelens, 2013]). IAV 

has been demonstrated across different experimental systems to be sensitive to Mx 

protein activity (Pavlovic et al., 1995; Grimm et al., 2007). RSV has also been shown 

to confer some resistance to the antiviral activity of MxA (Atreya and Kulkarni, 1999).  

To understand the activation of the IFN response in coinfection, sections were 

stained by immunofluorescence for MxA (Figure 5-10). In mock infected cultures, 

no signal was detected. This reflects the fact that MxA is not constitutively expressed 

and is upregulated in response to infection. 

In IAV infection, MxA expression was detected from 24 hpi. MxA signal was greater 

in basal cells and reduced towards the apical surface. This may reflect the infection 

status of the cells at the apical surface: as IAV suppresses induction of antiviral 

signaling via NS1, MxA expression in IAV infected cells may be lower. At later 

timepoints, MxA signal was more pronounced across the cultures, but the strongest 

signal was still observed in basal cells (Figure 5-10). Interestingly, in sloughed cells, 

no MxA signal was detected (Figure 5-11). 

RSV infection also resulted in upregulation of MxA expression, detected from 24 hpi 

(Figure 5-10). Signal increased over the infection time course and was widespread 

at 48 and 72 hpi. Like IAV infected cultures, MxA was expressed as a gradient 

across the epithelium, with more MxA detected in basal cells (Figure 5-10). RSV 

encodes antiviral proteins NS1 and NS2, which may suppress MxA expression in 

ciliated cells at the apical surface of the cultures, which were infected with RSV. 

There did not appear to be a qualitative difference in the level of MxA expression 

between IAV and RSV infections, however quantification of MxA expression, via 

image analysis or western blot, would be required to determine these differences.  
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Figure 5-11: MxA expression was not detected in sloughed cells from IAV 

infected cultures. FFPE section at 48 hours post infection with IAV, stained MxA 

(cyan). Signal corresponding to MxA expression was not observed in sloughed cells, 

indicated by white arrows.  

 

In coinfected cultures, MxA was detected at all time points and levels of expression 

appeared consistent with that observed in IAV and RSV infection (Figure 5-10). This 

again implies that both IAV and RSV are able to replicate despite the induction of 

antiviral signaling within the cultures. Additionally, it suggests that the reduction to 

RSV titre seen in mixed infections is independent of the innate immune response, 

as comparable levels of Mx induction were observed between RSV single infection 

and mixed infections.  

 

5.3.7 Apoptosis is induced in response to IAV infection, but not RSV 
infection 

 

H&E staining of infected sections showed that IAV infection induced cell death as 

early as 24 hpi and this phenotype is also observed in mixed infection. In contrast, 

RSV did not appear to induce cell death, despite widespread infection and induction 

of morphological changes in the epithelium. To understand if cell death was caused 

by apoptosis, cells were stained for cleaved caspase 3 (CC-3). Caspase 3 is an 

executioner caspase which is activated in response to pro-apoptotic signals by 

cleavage by an initiator caspase. CC-3 then utilises its activity as a cysteine 

protease to degrade structural proteins within the cell, as well as mediating DNA 

degradation and nuclear collapse (Slee et al., 2001).  
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Sections were stained CC-3 by immunohistochemistry. Minimal CC-3 staining was 

detected in mock infected sections, which may represent a baseline level of 

apoptosis in these cultures (Figure 5-12). In IAV infection, CC-3 positive cells were 

readily detected throughout from 24 hpi. Signal was identified in both sloughed cells 

and cells in the epithelium (Figure 5-12), suggesting that IAV infection induces 

apoptosis within the epithelium, which results in cell death and detachment from the 

epithelial layer.  

In RSV infection, there was little CC-3 staining detected (Figure 5-12). This was 

consistent with previous observations that RSV infection did not appear to induce 

cell death. Even by 72 hpi, CC-3 expression appeared comparable to the level in 

mock infected tissues (Figure 5-12), despite there being a high level of RSV infection 

at this timepoint detected by immunofluorescence staining (Figure 5-6).  

At 24 hpi, CC-3 expression in mixed infection appeared marginally lower than IAV 

infection (Figure 5-12). However further experimental replicates would be required 

to confirm if this difference is significant or a result of batch variation. Additional 

analysis, for example western blot for CC-3 expression, could also be carried out to 

quantify this difference. CC-3 signal was comparable to IAV infection at 48 hpi, with 

signal predominantly observed in sloughed cells. At 72 hpi, little CC-3 was detected, 

but this is likely due to the fact that sloughed cells were not captured in the section 

of embedded tissue.  

CC-3 staining confirms that cell death caused by apoptosis is induced following 

infection by IAV. In mixed infections, this phenotype may contribute towards the 

reduction in RSV titre observed, as higher rates of cell death due to IAV would 

prevent prolonged replication of RSV and release of infectious RSV virions at the 

apical surface of cultures. This finding is consistent with infections in A549 cells 

described in Chapter 3, where live cell imaging revealed that cell death is induced 

much sooner following IAV infection, compared to RSV infection.  
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5.4 Discussion 
 

Primary differentiated airway cultures provide a representative experimental system 

that recapitulates many features of the upper airway. Studies using hBEC cultures 

have provided substantial insight in respiratory viral pathogenesis in the epithelium 

and virus-induced host cell responses to infection. In this chapter, IAV and RSV 

single and mixed infections were characterised in hBEC cultures and potential 

sources of viral interaction were identified.  

In single virus infection, viral replication kinetics indicated that IAV can establish 

robust infection in the hBEC system, peaking between 24-48 hpi. RSV infectious 

titre increased slowly over the 72-hour timescale but did not reach the replication 

peak. This may have been due to the method for collecting samples for titration, via 

apical washing. RSV is known to remain predominantly cell associated in cell 

culture, therefore, if this phenotype is consistent in differentiated airway cultures, 

apical washing may not be sufficient to collect the full RSV yield if a large proportion 

of viral particles remain bound to the epithelial cell surface. Due to limitations in the 

number of hBEC cultures available, a comparison of apical virus to cell associated 

virus was not carried out, however this is an important experiment to get a more 

comprehensive understanding of RSV replication in hBEC cultures.  

In coinfection, IAV replication was unchanged compared to single IAV infection. This 

was consistent with replication trends observed in coinfections in A549 cells. RSV 

titres were generally reduced in coinfection with IAV. There was high variability in 

RSV titre in mixed infection, such that a statistically significant difference between 

RSV titres in single infection or mixed infection was only detected at 24 hpi. This 

level of variability was not observed in RSV single infection, suggesting that 

coinfection with IAV could be the source of the variation in titre. Overall, the 

replication kinetics in hBEC cultures were consistent with the trends observed in 

A549 cells. The conservation of interactions between these two cell systems 

provides assurance that A549 cells do reflect the biology observed in more 

physiologically relevant systems.  

IAV and RSV showed markedly different patterns of cytopathic effect. IAV infection 

resulted in apoptosis induced cell death, depletion of ciliated cells and thinning of 

the epithelial layer. CPE was clearly evident between 24-48 hpi, and variation in 

CPE onset may have been caused by slight variations in input titre of IAV. RSV did 
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not induce cell death or cell sloughing, with no loss of ciliated cells. Instead, RSV 

infection induced a marked remodeling of the epithelium, resulting in formation of 

clefts along the length of the epithelial surface. RSV infection has been previously 

associated with tissue remodeling pathways. Xu et al., demonstrated that RSV 

induces chromatin remodeling that results in exposure of new open chromatin 

regions that are enriched with genes involved in extracellular matrix formation, 

tissue remodeling and growth factor signaling (Xu et al., 2020).  If RSV infection 

modifies both extracellular matrix composition and cell motility, then it could induce 

the changes observed in the tissue morphology. Further, RSV has been reported to 

induce hyperplasia of mucus producing cells (Broadbent et al., 2016),  which may 

result in increased epithelial area in some regions. In coinfection, CPE initially 

reflected a combination of the effects of both IAV and RSV, however by 48 hpi, IAV-

induced CPE became dominant, as demonstrated by increased cell death, 

sloughing and depletion of ciliated cells. RSV preferentially infects ciliated cells 

(Johnson et al., 2007; Zhang et al., 2011), so if IAV-induce cell death occurs rapidly 

in coinfected ciliated cells, this may explain the reduction in RSV infectious titre 

observed in mixed infections.  In support of this hypothesis, CC-3 staining showed 

that apoptosis was strongly induced by IAV infection and was present in sloughed 

cells, however, was not induced in response to RSV infection. The timing of IAV-

induced cell death may determine the yield of infectious RSV that can be produced 

and released from the coinfected tissue. There was between batch variation in CPE 

onset, therefore this may explain the variability observed in RSV titre in the 

coinfected cultures.  

To determine the localisation and spread of infection, cultures were stained for viral 

proteins and imaged by confocal microscopy. In single infections by both viruses, 

viral antigen staining was diffuse across the apical surface of the cultures and could 

be observed extending into filamentous structures that are likely to be cilia on some 

cells. Co-staining for β-tubulin is required to confirm this, but unfortunately due to 

time constraints this was not carried out. In mixed infection at 24 hpi, the majority of 

cells were infected with either IAV or RSV, with some cells showing signs of 

coinfection. This finding highlights the virus-specific nature of viral interactions: while 

some virus interactions render tissues refractory to coinfection by a second virus 

(Dee et al., 2021), other viruses can co-exist and establish replication in close 

proximity, within the same regions of the epithelium.  
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Cultures were infected simultaneously with IAV and RSV, at relatively high viral 

input, which likely does not reflect the conditions of natural infection. Staggering the 

timing of infection allows infection by the primary virus to spread throughout the 

tissue and elicit a virus-specific host immune response, which may impact the ability 

of the secondary virus to establish replication. Experiments described in Chapter 3 

show that IAV infection can establish in A549 cells previously infected with RSV, 

therefore it would in interesting to determine if this happens in hBEC cultures, with 

physiological and immunological features that more closely replicate the human 

airway.  

At later timepoints, increased incidence of coinfection was observed. Apical staining 

at 30 hpi for IAV HA and RSV F showed coinfected foci, with localisation of the 

glycoproteins from both viruses to the apical surface of coinfected cells. This 

suggests there may be potential for interaction between IAV and RSV at the apical 

surface, potentially resulting in the formation of chimeric viral particles. High 

resolution imaging of sections of coinfected cells, showed that IAV HA and RSV 

antigen come into close proximity at the apical surface, and incorporation of both 

viral proteins can be observed in cilia. In ciliated cells, IAV haemagglutinin (HA) 

localises at the apical surface the cell, as well as being incorporated into the cilia, 

demonstrated via colocalisation with β-tubulin, and can be found at cilia tips (Smith 

et al., 2019). Co-staining against β-tubulin and viral antigen may provide the means 

to distinguish between cilia and budding viral filaments. Alternatively, a higher 

resolution imaging technique could be used. Transmission electron microscopy 

(TEM) of resin embedded tissue sections may shed light on the organisation of 

budding filaments on the apical surface of ciliated cells and should provide sufficient 

resolution to distinguish between IAV and RSV filaments, and cilia structures (Ke et 

al., 2018). Further optimisation of super-resolution imaging of apically stained 

cultures, combined with TEM approaches or targeted cryo-electron tomography, are 

essential to fully characterise organisation and structure of virus budding from 

coinfected differentiated airway cells.  

Previous coinfection studies highlight the importance of interferon (IFN) mediated 

responses to viral infection in determining outcome of coinfection (Wu et al., 2020; 

Dee et al., 2021). To investigate this in hBEC cultures infected with IAV and RSV, 

sections from single and mixed infections were stained for anti-viral protein MxA. 

IAV and RSV induced MxA expression to similar extents, with a gradient of 
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expression of MxA observed and greatest level of expression observed in basal 

cells. In coinfection, the profile of MxA expression was comparable to that observed 

in single virus infections and at later timepoints MxA expression in coinfected 

cultures resembled IAV single infected cultures, due to IAV induced cytopathic 

effects. This suggests that viral interference interactions are unlikely account for the 

reduction in RSV titre observed in coinfection. Both IAV and RSV encode potent IFN 

antagonist proteins, NS1 for IAV, and NS1 and NS2 for RSV. These proteins interact 

with a multitude of different host proteins involved in the induction and response to 

IFN (reviewed by [Nogalez et al., 2018; Thornhill and Verhoeven, 2020]).  The fact 

that both IAV and RSV are able to modulate the induction of innate immune 

responses may be one reasons why their co-replication is compatible within the 

same tissue, by allowing viral spread within cells at the apical surface, where 

immune signaling has been downregulated by viral immune antagonists. Neither 

IAV or RSV infection spread to basal cells in our experiments and these cells 

expressed the highest level of MxA expression. Single cell transcriptomics or 

proteomics to determine host signaling pathways induced or downregulated in cells 

of different infection status would be an informative experiment to aid understanding 

why some cells may be refractory to infection by either virus, while others are 

permissive to coinfection.  

Overall, this chapter characterised coinfection in between IAV and RSV in a 

representative model of the human airway. Observed phenotypes in viral replication 

and CPE were consistent between this complex, physiologically relevant model and 

A549 cells, a simplified cell model. Confocal imaging showed IAV and RSV establish 

infection in the same regions of the culture and that coinfection of primary 

differentiated cells does occur. Within coinfected cells, IAV and RSV proteins 

colocalise at the apical surface, therefore there is potential for interactions to occur 

during viral assembly.  
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Virus-virus interactions underpin respiratory viral dynamics at the cellular, host and 

population level. Despite this, our fundamental understanding of biology of these 

interactions is limited. Whilst immune-mediated, indirect viral interactions are 

increasingly well characterised, little is known about the mechanisms of direct 

interaction between coinfecting viruses. Therefore, the overarching aim of this 

research project was to develop an experimental model of coinfection, to identify 

sources of interactions between two unrelated respiratory viruses at the cellular 

level.  

Influenza A virus (IAV) and respiratory syncytial virus (RSV) are of high clinical 

importance, share epidemiological features and possess similar tropism within the 

respiratory tract. For these reasons, these viruses were selected as a model for viral 

interactions occurring within the same coinfected cell and tissue. Chapter 3 

describes the development of an in vitro coinfection system, using a cell line derived 

from the human lung (A549 cells). RSV replication was significantly reduced in 

coinfection with IAV, while IAV replication was unchanged or in some cases 

marginally increased. This finding supported published data from experimental IAV 

and RSV coinfections, showing that coinfection results in inhibition of RSV 

replication, but not of IAV (Shinjoh et al., 2000; Chan et al., 2018).  Further, reducing 

IAV MOI or delaying IAV infection relative to RSV did not reduce IAV replication 

compared to single infection, indicating that IAV can establish replication within a 

system that contains a high level of RSV infection. At the cellular level, infection was 

assessed by immunofluorescence staining for viral proteins, IAV haemagglutinin 

(HA) and RSV nucleoprotein (N). At 8 hours post infection (hpi), fewer cells were 

positive for IAV in mixed infection, compared to single infection, while more cells 

were positive for RSV in mixed, compared to single, infection. At 24 hpi, this trend 

was still observed for RSV, which is counter-intuitive compared to the observed 

replication kinetics in coinfection. This implies that multiple interactions may be 

occurring at different stages of IAV and RSV replication cycles, that impact both 

expression of viral proteins and release of infectious virus.  

Analysis of nucleoprotein localisation in coinfected cells revealed important features 

of the replication cycles of both viruses, including the presence of RSV inclusion 

bodies and nuclear localisation of IAV NP. This shows that both viruses are able to 

establish their replication cycles within different compartments of the same cell and 

implies that superinfection exclusion does not occur between IAV and RSV in our 
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A549 cell system. The nucleoproteins of both viruses also localised to the same 

regions of plasma membrane, indicating trafficking of genomes prior to viral 

assembly occurs, which may present a source of competition as both viruses 

engage with Rab11 positive endosomes for transport of RNPs (Bruce et al., 2012). 

Further to the finding that IAV NP and RSV N localise to the same regions of the 

plasma membrane, colocalisation between IAV HA and RSV fusion glycoprotein (F) 

was observed in regions of budding viral filaments. This led to the question whether 

interactions between IAV and RSV occurred during viral assembly and budding 

steps, which was explored in more detail in Chapter 4. Super-resolution confocal 

microscopy and scanning electron microscopy (SEM) revealed filamentous 

structures budding from coinfected cells that incorporated the glycoproteins from 

both viruses and exhibited structural features of both viruses. To determine if these 

filamentous structures were virions composed of both IAV and RSV, cryo-electron 

tomography was used. Two classes of structural hybrid particles were identified: 1) 

chimeric viral particles (CVPs), containing genomes from both IAV and RSV, and 2) 

pseudotyped RSV filaments, coated in IAV glycoproteins.  

The identification of CVPs represents a novel virus-virus interaction, with 

implications on our understanding of viral assembly and structure. There are a 

number of unanswered questions relating to the formation of CVPs.  Firstly, the 

mechanism of formation is yet to be elucidated. IAV and RSV share preference to 

assemble and bud from lipid raft regions of the membrane (Lin et al., 1998; Fleming 

et al., 2006), and cryo-ET data described in Chapter 4 shows that both IAV and RSV 

budding sites occur in close proximity (less than 500 nm apart) on the plasma 

membrane of coinfected cells. As the larger virus, RSV may acquire budding IAV 

particles as during the course of its own assembly.  On the other hand, density was 

observed at the point of fusion between IAV and RSV, which potentially 

corresponded to IAV matrix. This points to a mechanism that occurs after the IAV 

virion is fully assembled, potentially mediated by RSV F. Experiments using a 

sialidase to remove IAVs receptor showed that CVPs facilitate an expansion of IAV 

tropism and further, CVPs facilitate coinfection by IAV and RSV, demonstrating that 

they are dual-infectious units.  

Coinfection by IAV and RSV also resulted in the formation of pseudotyped RSV 

filaments. Pseudotyping is a well described interaction, that can occur between 

genetically and structurally heterogenous viruses (Granoff and Hirst, 1954; Choppin 
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Atn and Compans, 1970). Cryo-ET confirmed that IAV and RSV do interact by the 

process of pseudotyping, but that the interaction only appeared compatible one way, 

as no pseudotyped IAV particles were identified. An important question regarding 

the compatibility of viral components is yet to be answered (Zavada, 1982). RSV 

glycoprotein incorporation is directed by the matrix structure, resulting in a helical 

arrangement of glycoproteins (Conley et al., 2021). Therefore, how IAV 

glycoproteins are incorporated in an arrangement consistent with that of IAV virions 

remains to be determined. Immunofluorescence staining or fluorescent tagging to 

allow combined imaging of IAV HA with RSV matrix (M) or IAV matrix (M1) and RSV 

N or labelled RNA genomes, would provide important insight into the composition 

of the matrix layer of pseudotyped virions, which is an essential mediator for both 

IAV and RSV filament formation (Kiss et al., 2014; Peukes et al., 2020; Conley et 

al., 2021).  

The nature of hybrid particle formation (both CVP and pseudotype) gives rise to 

interesting questions about the compatibility of different viruses to engage in these 

interactions. CVPs consist of IAV extending from RSV and pseudotyping was only 

observed on RSV filaments, not IAV virions. This suggests that RSV may have a 

degree of structural flexibility which enables them to engage in these interactions, 

while IAV structure may be more restricted. This is the first reported example of 

pseudotyping of RSV, however, early pseudotyping experiments involved closely 

related paramyxoviruses, including Newcastle disease virus and parainfluenza virus 

SV5 (Granoff and Hirst, 1954; Choppin and Compans, 1970). Therefore, this 

structural compatibility may be a more general trait, which is shared between the 

closely related Pneumoviridae and Paramyxoviridae families, rather than an RSV-

specific trait. The Paramyxovidae family contains a wide range of human and animal 

pathogens, including emerging viruses Hendra virus and Nipah virus (Plemper and 

Lamb, 2021).  Further investigation in what drives this structural flexibility is essential 

to understand the likelihood of these events occurring during natural coinfection, 

and the viruses that could potentially be involved. Coinfection experiments using 

HMPV and PIVs may provide important insight into conservation of this trait between 

viral families. If the potential for hybrid virion formation, either by CVP or pseudotype 

formation, can be extended to included viruses closely related to RSV, then the pool 

of compatible respiratory viruses that cocirculate within human populations 

substantially increases. 
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Heng et al. described the formation of structurally different virions with altered 

tropism, found in skin biopsies from patients coinfected with HIV-1 and HSV-1 (Heng 

et al., 1994). The finding that CVPs containing structural features from both viruses 

supports the observation from Heng et al., who described structurally distinct hybrid 

infectious progeny as a result of HIV-1/HSV-1 coinfection. These particles were 

observed in clinical samples, which demonstrates the biological feasibility of the 

formation of hybrid viral particles during natural infection, as a result of coinfection. 

Whilst it was not possible to examine human respiratory tissue from a coinfected 

individual, the closest experimental model was employed. Primary differentiated 

airway cultures recapitulate important physiological features of the respiratory, as 

well as more closely resembling the homeostatic profile of the human airway, 

compared to transformed cell lines (Charman et al., 2021). Staining coinfected 

cultures for IAV and RSV proteins, demonstrated that both viruses can establish 

robust infection within the same tissue and that coinfection occurs at the cellular 

level. Further to this, in coinfected cells, IAV and RSV components colocalise at the 

apical surface. These observations in hBEC cultures provide promising indication 

that there is opportunity for interactions between IAV and RSV to occur in the 

coinfected respiratory tract.  

A key unanswered question is regarding how likely it is for infectious foci from 

multiple viruses to come into contact within a coinfected respiratory tract. While IAV 

and RSV are reported to have shared tropism within the respiratory tract (Johnson 

et al., 2006; Wu et al., 2016), further characterisation of the dissemination of each 

virus within respiratory tissues is required to understand how likely it is for foci to 

establish within the same region. Infections described in Chapter 5, show that in 

simultaneous IAV and RSV infection in hBEC culture, both viruses can replicate, 

resulting in coinfection at the individual cell level. However, timing may play an 

important role in initiating interference interactions, that may prevent widespread 

coinfection of respiratory tissue (Drori et al., 2020).  

Another important question is what population groups are more likely to host 

respiratory viral interactions. Coinfections more frequently occur in children, 

compared to adult populations (Nickbakhsh et al., 2016; Mandelia et al., 2021). 

Therefore, interactions between respiratory viruses may be most likely to occur in 

children. Prevalence of RSV in young children is high and almost all children are 

seropositive against RSV by the age of two (Andeweg et al., 2021). Our data 
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suggest that unknown structural properties of RSV may render it more likely to form 

CVPs than IAV (and potentially other respiratory viruses), therefore coinfection in 

young children may result in a higher likelihood of CVP formation, compared to other 

population groups. Further, Heng et al. described hybrid virion formation in 

immunocompromised patients (Heng et al., 1994). Impaired immune function may 

enable enhanced replication and spread of coinfecting viruses within the respiratory 

tract, therefore increasing the likelihood of direct contact between viruses and 

coinfection at the cellular level. Further, establishment of persistent infections in 

immunocompromised patients may provide a prolonged opportunity for viral 

coinfection or viral interactions to occur. Within host evolution in 

immunocompromised patients can result in emergence of diverse viral variants 

(Choi et al., 2020) and this process may be impacted by viral interactions. Identifying 

population groups that are potentially more susceptible to the occurrence of direct 

viral interactions as a consequence of coinfection, is essential to understand how 

they can influence the progression of infection and potentially the pathogenesis of 

disease.  

The research questions explored in this project have been in the context of 

infections by human respiratory viruses, within human populations. However, these 

principles are equally applicable to animal populations. The understanding of role of 

coinfection in shaping viral dynamics in wild and domestic animal populations is 

limited compared to human populations and warrants further study. The formation 

of CVPs in coinfected animals is just as feasible as in coinfected humans and 

demonstration that CVPs can expand viral tropism has important potential 

implications for zoonotic infections. CVP-mediated coinfection by virus that is 

adapted to a specific host species, along with a less adapted virus may sufficiently 

reduce host barriers to enable the less adapted virus to initiate productive infection 

within the new host species. This hypothesis warrants further study to understand 

cross-species transmission by CVPs is possible and to determine whether this is 

sufficient to enable a virus to establish in a new host.  

Overall, this project set out to develop a model of coinfection in which potential 

sources of interaction could be identified. The primary motivation was to address a 

current gap in our understanding of respiratory viral infections: to understand the 

mechanisms by which co-circulating respiratory viruses may be able to directly 

interact with one another, within a coinfected tissue or cell. This project resulted in 
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characterisation of a novel interaction between two unrelated, clinically important 

respiratory viruses and also confirmed previously published data regarding IAV and 

RSV replication dynamics in coinfection and the occurrence of natural pseudotyping 

between taxonomically distinct viruses. The research described in this project adds 

to a growing body of information surrounding viral interactions, which informs our 

understanding of viral pathogenesis and dynamics during coinfection. 

Understanding the drivers of respiratory viral dynamics ultimately will allow better 

prediction of population level viral dynamics and identification of mechanisms of 

disease, or potentially correlates of protection associated with coinfection. Further, 

studying viruses in a community dynamic allows for a more comprehensive 

understanding of the context of respiratory viral infections, and the fundamental 

biology that underpins them.  
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