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Abstract 
Respiratory infections caused by influenza A virus (IAV) or respiratory syncytial 

virus (RSV) lead to substantial morbidity and mortality. Treatment options are 

limited and there is urgent need for the development of efficient therapeutic and 

prophylactic treatments. Pattern recognition receptors (PRRs) such as the 

cytoplasmic helicase retinoic-acid-inducible gene I (RIG-I) are part of the innate 

immune system. RIG-I can be activated by recognition of viral nucleic acids, 

leading to downstream activation of interferon-stimulated genes (ISGs) and 

restriction of viral replication. We have used synthetic RNA oligonucleotides to 

stimulate RIG-I to inhibit replication of respiratory viruses using in vitro and in vivo 

models of infection.  

Our in vitro approaches used airway cell lines from humans, mice and ferrets and 

investigated the effects of RIG-I agonist pre-treatment on subsequent infection 

with either IAV or RSV. Prophylactic RIG-I agonist treatment induced multiple 

ISGs and inhibited infection and growth of respiratory viruses in cell lines from 

each of the different species. 

In vivo, we utilised mouse and ferret models to study the antiviral potential of 

RIG-I agonists against IAV and RSV. In mice, we compared animals which do or 

do not express a functional Mx1 protein and found that a single prophylactic 

treatment with RIG-I agonist via the intravenous route resulted in ISG induction 

in the lungs and this correlated with reduced IAV replication. Of interest, these 

effects were particularly potent and long-lasting in mice expressing a functional 

Mx1 confirming an important role of Mx1 for RIG-I agonist-induced protection 

against IAV. In a mouse model of RSV, we found that a single prophylactic 

treatment with RIG-I agonist resulted in reduced replication of virus in the lung, 

as observed using bioluminescence imaging of luciferase-labelled RSV as well 

as plaque assay for infectious virus. Thus, our studies in mouse models indicate 

that a single pre-treatment with RIG-I agonists resulted in potent inhibition of two 

very different respiratory viruses.  
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In ferrets, after establishing assays to monitor ISG induction in the blood and in 

airway tissues, we confirmed that a single intravenous injection of RIG-I agonist 

induced ISG induction in both peripheral blood mononuclear cells (PBMCs) and 

the lungs. Moreover, a single treatment prior to infection also resulted in reduced 

replication of both IAV and RSV in ferret lungs, although this treatment had only 

negligible effects on virus replication in the nasal tissues. A single treatment to 

animals with an established IAV infection also resulted in reduced virus titres in 

the lungs, suggesting its potential as a therapeutic antiviral agent. 

Myxoma (Mx) proteins are ISGs with potent antiviral effects against IAV. While 

human and mouse Mx proteins have been studied in detail, ferret Mx proteins 

have not been characterised. Therefore, we generated different experimental 

approaches to assess the induction of three endogenous ferret Mx (two splice 

variants of Mx1 as well as Mx2) in a ferret cell line, as well as in vitro 

overexpression systems to assess the cellular localisation and antiviral functions 

of each ferret Mx. Our findings indicate that each ferret Mx localises to the 

cytoplasm and that particular proteins exhibit antiviral functions against IAV, but 

not RSV. However, further studies are required to clearly define the antiviral 

activity of ferret Mx, since our preliminary results indicate that ferret Mx proteins 

display different antiviral activity following overexpression in human or in ferret 

cells.  

Together, studies described in this thesis demonstrate the potential of RIG-I 

agonists as antiviral treatments against diverse respiratory viruses both in vitro 

and in vivo and represent an important step towards the development of novel 

antiviral treatments in humans.  
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1.1 Introduction 

Respiratory viruses are the most frequent causative agents of human disease 

worldwide and lead to high morbidity and mortality, especially in children (Weston 

et al., 2019). The most common viruses associated with respiratory disease 

include rhinovirus, influenza virus, respiratory syncytial virus, human 

metapneumovirus, parainfluenza virus, adenoviruses and coronavirus 

(Boncristiani et al., 2009). Infections of the upper respiratory tract (URT) are 

generally mild and self-limiting, whereas infections of the lower respiratory tract 

(LRT) have the potential to result in more severe and sometimes life-threatening 

disease. Studies described in this thesis will focus on influenza viruses, belonging 

to the family Orthomyxoviridae, and respiratory syncytial virus, a member of the 

Pneumoviridae family.  

 

1.1.1 Influenza virus 

1.1.1.1 General features 

Influenza viruses are among the most common causes of human respiratory 

infections and are of particular concern as they can be associated with high 

morbidity and mortality. Infections of the URT generally result in mild symptoms 

such as fever, sore throat and nasal discharge whereas infections of the LRT can 

be much more severe, resulting in complications, including pneumonia, which is 

often associated with secondary bacterial infections (Krammer et al., 2018).  

Influenza viruses are enveloped, negative-sense single-stranded RNA (ssRNA) 

viruses with a segmented genome that belong to the family Orthomyxoviridae. 

They can be classified into four types (A, B, C and D) based on the genetic and 

antigenic properties of their internal proteins. While influenza D virus primarily 

infects animals such as swine and cattle, influenza A, B and C viruses readily 

infect humans (Paules et al., 2017). Influenza C infections are generally mild, 

although they have been associated with influenza-like illness and 

hospitalisation, especially in children (Matsuzaki et al., 2006). Influenza A and B 
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viruses (IAV and IBV, respectively) are responsible for annual seasonal influenza 

epidemics whereas only IAVs have been associated with global pandemics. IAVs 

are the focus of studies described in this thesis and have therefore been 

discussed in detail below.  

The IAV genome is comprised of 8 single-stranded RNA segments with a total 

genome size of ~13.5 kB that can encode up to 17 proteins (Lee, Nara et al., 

2017; Li et al., 2021). Gene segments are named according to the first protein 

that they were reported to encode, namely hemagglutinin (HA), neuraminidase 

(NA), polymerase basic protein (PB)2, nucleoprotein (NP), polymerase basic 

protein (PB)1, matrix (M), nonstructural protein (NS), and polymerase acidic 

protein (PA) (Krammer et al., 2018).  

Viral particles are composed of a viral envelope, associated M proteins and the 

viral ribonucleoproteins (vRNPs) (Figure 1.1). The envelope is a host-derived 

lipid bilayer which incorporates three viral transmembrane proteins, namely HA, 

NA and M2 (Bouvier et al., 2008). The HA glycoprotein is the most abundant 

transmembrane protein and is responsible for recognition of sialylated receptors 

on the surface of host cells as well as fusion of the viral and endosomal 

membranes to facilitate infectious entry. The NA glycoprotein exhibits enzymatic 

activity, acting to cleave sialic acid residues to facilitate release of newly-

synthesised virions from the surface of infected cells and to aid in virus motility in 

the presence of sialic acid-rich mucins in the airways (Wang, Hao et al., 2019). 

The viral M2 protein, the least abundant of the transmembrane proteins, acts as 

a pH-dependent ion channel through the viral envelope into the core of the virus 

and plays a critical role in acidification and subsequent uncoating of virions in the 

endosomal compartment. Beneath the viral envelope, a layer of M1 protein forms 

a stable matrix which associates with the viral NP to stabilise the vRNPs in the 

core of the virions (Rossman et al., 2011). Each segment of viral genomic RNA 

is associated with viral NP and the polymerase proteins to form a vRNP complex 

(Nayak et al., 2009). The viral RNA is tightly wrapped around multiple copies of 

NP and, due to conserved nucleotides at the 5′ and 3′ termini in the viral genome, 

complementary regions bind and lead to the formation of characteristic 
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“panhandle” structures (Lee, Nara et al., 2017). The polymerase proteins PB1, 

PB2 and PA associate together at the end of each vRNP to form the RNA-

dependent RNA polymerase complex. Additionally, non-structural proteins such 

as nuclear export protein (NEP), NS1, PB1-F2, PB1-N40, PA-X, PA-N155 and 

PA-N182 are encoded by the viral genome and display diverse functions, 

including suppression of host cell-intrinsic immunity and enhancement of viral 

replication and pathogenesis (Hale et al., 2008; Vasin et al., 2014; Hu et al., 

2018). 

The viral surface HA and NA glycoproteins are the most variable proteins 

expressed by IAV and are the basis by which IAV are classified into different 

subtypes. To date, 9 antigenically distinct NA (N1-9) and 16 HA (H1-16) subtypes 

have been identified in wild aquatic birds, which are considered the natural 

reservoir of many IAV (Fouchier et al., 2005). Two additional HA (H17 and H18) 

and NA (N10 and N11) subtypes have also been identified in bats (Tong et al., 

2013). Of note, IBVs are not divided into subtypes but instead are classified into 

two lineages, namely B/Victoria and B/Yamagata, based on genetic and antigenic 

differences in the viral HA (Caini et al., 2019).  

The viral HA and, to a lesser extent the NA, are the main targets of neutralizing 

antibodies generated following infection or vaccination. However, IAV undergo 

two modes of antigenic variation which contribute to their ability to persist in the 

human population, even in the presence of pre-existing immunity (Webster et al., 

1992). These two modes of antigenic variation, known as antigenic drift and 

antigenic shift, are possible largely due to the lack of proof-reading ability in the 

viral polymerase complex and the segmented nature of the viral genome (Kim et 

al., 2018). Antigenic drift describes the constant evolution and gradual 

accumulation of mutations in the genome of viruses that have been circulating in 

humans for an extended time. Mutations occur in all viral genes due to the low 

fidelity of the viral RNA polymerase and mutations in the HA and NA genes can 

lead to amino acid substitutions in key antigenic sites, resulting in the generation 

of variants which can evade antibody-mediated immunity elicited following 

vaccination or previous infection (Krammer et al., 2018). This gradual process 
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explains the occurrence of seasonal influenza epidemics, which are generally 

observed in winter months in temperate climates. As a result, the World Health 

Organisation (WHO) meets regularly to assess the genetic and antigenic 

characteristics of the most recently circulating IAV and IBV to determine the need 

to update the composition of current influenza vaccines.  

Antigenic shift describes the second major mechanism responsible for antigenic 

variation in human IAV. Antigenic shift can result in the emergence of a novel IAV 

in humans which expresses a HA and/or NA that is immunologically distinct to 

those of recently circulating IAV. As the population has little or no pre-existing 

humoral immunity to the emerging virus this can lead to the global spread of the 

virus, resulting in a pandemic (Paules et al., 2017). Antigenic drift is unique to IAV 

and has been proposed to occur by at least two mechanisms. The first is by 

classical reassortment, which is considered to be the primary mechanism 

responsible for the majority of human pandemics. Due to the segmented nature 

of the viral genome, infection of the same host by two different viruses can result 

in the exchange of viral gene segments, resulting in the generation of a new 

subtype. Of note, IAV have been isolated from many different species, including 

humans, pigs, horses and other mammals, as well as domestic and wild birds, 

highlighting the potential for co-infections to occur in nature (Olsen et al., 2006). 

The second mechanism that could introduce a new IAV subtype into humans is 

the direct transmission of an avian or mammalian virus to humans, followed by 

adaptation to the new host. For example, it has been proposed that the Spanish 

influenza H1N1 pandemic in 1918 resulted from direct transmission of an avian 

virus into the human population (Belshe, 2005; Anhlan et al., 2011). More 

recently, a number of avian IAV, including highly pathogenic avian influenza 

(HPAI) H5N1, as well as H7N9 and H9N2, amongst others, have been associated 

with human infections. Although disease associated with HPAI H5N1 is often very 

severe in humans, there is currently little evidence of effective human-to-human 

transmission (Beigel et al., 2005; Paules et al., 2017). 

Despite the many different HA and NA subtypes that exist in nature, only H1N1, 

H2N2 and H3N2 subtypes have been associated with sustained 
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human-to-human transmission resulting in occasional pandemics and more 

regular seasonal epidemics. Four influenza pandemics occured in the human 

population in the last century, namely the devastating “Spanish flu” (H1N1) 

pandemic in 1918/1919, followed by the “Asian flu” (H2N2) in 1957/1958, the 

“Hong Kong flu” (H3N2) in 1968/1969 and the reappearance of H1N1 in 1977 

(Saunders-Hastings et al., 2016). Since then, the most recent influenza pandemic 

“swine flu” (H1N1pdm09) occurred in 2009/2010 (Kilbourne, 2006; Morens et al., 

2018). Today, the H3N2 and H1N1pdm09 subtypes continue to co-circulate, 

along with the two lineages of IBV (B/Victoria-like and B/Yamagata-like) and it is 

these viruses that are currently associated with seasonal influenza epidemics 

(Belshe, 2010).  
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Figure 1.1: Schematic representation of an IAV virion. Virus particles consist of 
a lipid envelope in which the transmembrane proteins hemagglutinin HA, NA and 
M2 are embedded. A thin layer of M1 sits beneath the lipid envelope. The viral 
genome is comprised of 8 segments of single-stranded viral RNA, which are 
wrapped around the viral NP to form “panhandle” structures. These structures 
associate with the RNA-dependent RNA polymerase complex (comprising the 
viral PB1, PB2 and PA proteins), to form viral ribonucleoproteins vRNPs. Figure 
from (Krammer et al., 2018).  
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1.1.1.1 Viral replication 

In humans, airway epithelial cells represent the primary targets of IAV infection, 

although immune cells in the respiratory tract, including airway macrophages and 

DCs, are also susceptible to infection (Short et al., 2012). Infection is initiated by 

attachment of the viral HA glycoprotein to glycoconjugate receptors on host cells 

which express terminal sialic-acid (SA) residues (Gamblin et al., 2010). Terminal 

SAs can be linked to the underlying glycoconjugates in either an α2,6- or an 

α2,3-dependent manner. Importantly, α2,6 linkages are preferentially bound from 

human IAV while receptors with α2,3 linkages are preferred by avian IAV (Connor 

et al., 1994). This preference coincides with the distribution of SA residues at the 

site of virus infection in different species, with α2,6-linked SA predominantly 

expressed throughout the human airways whereas α2,3-linked SA is expressed 

throughout the avian gastrointestinal tract (Skehel et al., 2000). As both linkages 

are expressed throughout the airways of swine, these animals have been 

proposed to act as a “mixing vessel” for virus reassortment and therefore the 

generation of novel viruses with pandemic potential (Ma et al., 2008). In general 

terms, HA preference for α2,3-linked SA therefore represents an important barrier 

limiting the introduction of avian viruses into the human population (Byrd-Leotis 

et al., 2017).  

Following attachment of the viral HA to cell-surface SA, infectious entry of virions 

into host cells occurs via receptor-mediated endocytosis (Figure 1.2). Binding of 

IAV to SA receptors alone is not sufficient to mediate viral entry however to date 

the specific cell-surface proteins that act as entry receptors for IAV on epithelial 

cells are not well defined (Maginnis, 2018). In terms of immune cells, a number 

of C-type lectin receptors (CLRs) have been shown to function as bonafide entry 

receptors for IAV infection (Londrigan et al., 2012). After receptor binding, viral 

internalisation and uptake into endosomal compartments is generally mediated 

by clathrin- or calveolae-dependent endocytosis although virus entry by 

micropinocytosis has also been described (Grove et al., 2011). Internalised 

virions then traffic to endosomes where the viral M2 ion channel protein forms 

pH-gated proton channels in the viral envelope, leading to acidification of the viral 
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core (Manzoor et al., 2017). The viral HA consists of two subunits, HA1 and HA2, 

and the low pH of the endocytic vesicles trigger an irreversible conformational 

change in the HA to expose the fusion peptide at the N-terminus of HA2. While 

the fusion peptide anchors to the endosomal membrane, the C-terminal 

transmembrane domain (TMD) anchors in the viral membrane. The HA2 then 

folds back to bring the viral and endosomal membranes into close proximity, 

resulting in membrane fusion (Dou et al., 2018). Additionally, the low endosomal 

pH facilitates dissociation of the vRNPs from M1, allowing for their entry into the 

cytosol. Nuclear localisation signals within the NP, PA, PB1 and PB2 proteins 

then facilitate migration of vRNP complexes to the nucleus where they are 

imported through nuclear pores for the commencement of viral genomic 

replication (Boulo et al., 2007).  

Within the nucleus, the negative-sense genomic RNA is transcribed into positive-

sense complementary (c)RNA, which then serves as template for the 

transcription of viral (v)RNA. Moreover, the genomic RNA is also transcribed into 

messenger (m)RNA for protein production. Translation of viral mRNA into 

proteins is dependent on the activity of the cellular RNA polymerase II (Pol II). 

However, as recognition by Pol II requires a 5´ cap modification and 

polyadenylation signal and these structures are not expressed on influenza virus 

mRNA, the virus has evolved a strategy to “steal” 5´ caps from host pre-mRNAs 

known as “cap-snatching” (Fodor, 2013). As a result of cap-snatching, viral 

mRNAs are then equipped with the necessary signals to facilitate export to the 

cytoplasm for subsequent protein translation (Dou et al., 2018). To further amplify 

viral RNA synthesis, the viral polymerase proteins (PB1, PB2 and PA) and the 

NP are then shuffled back into the nucleus whereas the viral membrane proteins 

(HA, NA and M2) traffic to the plasma membrane. In the nucleus, 

newly-synthesised vRNA complexes associate with M1 and nuclear export 

protein (NEP) which then facilitate their export out of the nucleus before they are 

transported to the plasma membrane and incorporated into nascent virus 

particles (Boulo et al., 2007). Newly-formed virions acquire a lipid bilayer 

containing the HA, NA and M2 viral proteins as they bud from the apical 

membrane of polarised host cells (Rossman et al., 2011). The enzymatic activity 
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of the viral NA facilitates virus budding and release by cleaving SA residues from 

viral glycoproteins to prevent virus aggregation as well as from cell-surface 

glycoproteins and glycolipids to promote virus release (McAuley et al., 2019).  
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Figure 1.2: IAV replication cycle. Virions enter host cells by receptor-mediated 
endocytosis and are processed in endosomal compartments, where fusion of 
viral and endosomal membranes results in release of the vRNP into the host 
cytoplasm. vRNPs are then transported into the nuclear compartment, where the 
negative-sense genomic vRNA is transcribed in positive-sense cRNA which 
forms positive-sense complementary RNP intermediates. Viral mRNA is 
transcribed from vRNA, translated into proteins in the cytoplasm and then 
particular viral proteins are transported back into the nucleus to promote the 
generation of additional vRNPs. The viral transmembrane proteins (HA, NA, M2) 
are transported to the plasma membrane where new virions assemble with 
vRNPs. Newly-formed virions then bud from the surface of infected cells with the 
enzymatic activity of the viral NA acting to prevent aggregation and to promote 
virus release. Figure from (Krammer et al., 2018). 
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1.1.1.2 Influenza antivirals 

There are a limited number of licensed antiviral drugs available for the treatment 

of influenza infections. To date, four antiviral drugs are approved by the Centers 

for Disease Control (CDC): three neuraminidase inhibitors (NAI), namely 

oseltamivir phosphate (Tamiflu®), zanamivir (Relenza®) and peramivir 

(Rapivab®), as well as the polymerase inhibitor baloxavir marboxil (Xofluza®) 

(CDC, 2021). NAIs act by blocking the enzymatic activity of the viral NA and 

thereby inhibiting virus release from infected cells (Davidson, 2018). NAI 

treatment has been shown to effectively reduce the duration of clinical symptoms 

in several meta-analyses however NAIs generally have to be administered within 

48 hours (hrs) after symptom onset to be effective and to reduce viral shedding 

(Fielding et al., 2014; Jefferson et al., 2014). 

Importantly, viruses with amino acid substitutions in the viral NA that reduce their 

sensitivity to oseltamivir and other NAIs have been reported. In 2007-2009 

seasonal H1N1 with a H274Y substitution in the viral NA associated with reduced 

sensitivity to oseltamivir emerged and rapidly spread to become the dominant 

H1N1 circulating globally (Hurt et al., 2009). The emergence of the novel 

A(H1N1)pdm09 ‘swine flu’ virus in 2009 coincided with reduced circulation and 

ultimately disappearance of seasonal H1N1, however this incident emphasised 

the need to closely monitor currently circulating viruses for mutations that might 

be associated with resistance to current antiviral treatments for influenza 

(Dawood et al., 2009; McKimm-Breschkin, 2013). 

Baloxavir marboxil is a small molecule inhibitor of the viral PA protein that blocks 

viral replication by inhibiting the cap-dependent endonuclease activity of PA 

(Shirley, 2020). Several phase 2 and 3 clinical trials have shown that baloxavir 

was superior to both placebo and oseltamivir treatment during influenza 

infections and that baloxavir treatment within the first 48 hrs of symptom onset 

reduced time to alleviation of symptoms to a similar extent as oseltamivir (Hayden 

et al., 2018). Interestingly, baloxavir treatment appears to be more effective 

against IBV than against IAV (Zaraket et al., 2021). However, viruses with some 

resistance against baloxavir have already been reported, with mutations resulting 
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in the I38T substitution in the viral PA being the most common described to date 

(Gubareva et al., 2019). Historically, adamantane derivates targeting the M2 ion 

channel of IAV have also been used but are no longer recommended due to their 

lack of activity against IBV and the widespread incidence of the S31N substitution 

in almost all circulating IAV, which is associated with adamantane resistance (van 

der Vries et al., 2013; Hurt, 2014). 

Without doubt, vaccines represent the best prophylactic agents currently 

available to limit the impact of influenza infections, however studies indicate that 

they confer only limited protection. Vaccine effectiveness can be impacted by 

patient-specific factors, such as age, comorbidities or previous influenza 

exposure (Radin et al., 2016), but also by the continual accumulation of additional 

mutations within the HA and NA as a result of antigenic drift (Wang, Y. et al., 

2018). Reformulation and adjustment of vaccine composition is therefore 

necessary every year. Moreover, while vaccines provide protection against 

circulating seasonal viruses, there is always a delay of several months to 

formulate a new vaccine following the emergence of novel pandemic viruses in 

the human population. 

 

1.1.2 Respiratory syncytial virus  

1.1.2.1 General features 

 

Respiratory syncytial virus (RSV) is a major cause for respiratory tract infection, 

particularly in infants and young children. Severe infections are marked by the 

development of lower respiratory tract infections leading to bronchiolitis, 

especially in children, the elderly and immunocompromised (Nam et al., 2019). 

RSV is one of the three major causes of death during post-neonatal lower 

respiratory infections, along with Streptococcus pneumonia and Haemophilus 

influenza (Nair et al., 2010; Lozano et al., 2012). By the age of 2, almost all 

children have been infected with RSV, although reinfections are common 
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throughout adult life and these are mainly present as mild URT infections (Nam 

et al., 2019).  

RSV belongs to the family of Pneumoviridae and is an enveloped virus with 

non-segmented, negative-sense ssRNA genome of 15.2 kb (Figure 1.3) 

(Ascough et al., 2018). The ssRNA genome consists of 10 genes which are 

arranged in sequential order, coding for two non-structural (NS) and nine 

structural proteins (Schildgen et al., 2011). The two NS proteins (NS1 and NS2) 

inhibit apoptosis and cellular type I interferon (IFN) responses by targeting 

aspects of both IFN induction and IFN-induced signaling (Spann et al., 2005; 

Bitko et al., 2007). The remaining viral proteins, including the M proteins, are 

structural proteins. Notably, the M gene contains two overlapping open reading 

frames (ORFs) which encode for the M2-1 and M2-2 proteins, which exhibit 

distinct functions (Alison et al., 1999). In general, M proteins are non-glycosylated 

proteins lining the inner leaflet of the viral envelope which interact with 

cytoplasmic domains of the fusion (F) protein (Battles et al., 2019). M2-1 is a 

nucleocapsid-associated transcription factor and binds to RNA and 

phosphoprotein (P) to enhance transcription efficiency, whereas the M2-2 

polypeptide is associated with genome replication and regulates the switch 

between the viral RNA transcription and replication (Hu et al., 2020). Additional 

structural proteins such as nucleoprotein (N), the large polymerase (L) and P are 

associated with the nucleocapsid. The RNA genome is coated with the viral N 

protein to form the nucleocapsid (NC), which serves as the template for RNA 

synthesis by the viral RNA-dependent RNA polymerase (Bakker et al., 2013). P 

protein interacts with N and serves as a polymerase cofactor and it also interacts 

with L protein, which is important for gene transcription (Cifuentes-Muñoz et al., 

2019). The three remaining structural proteins are transmembrane glycoproteins 

embedded in the viral envelope. The small hydrophobic (SH) protein is a viroporin 

which forms hydrophilic pores in the host cell membrane while the attachment 

glycoprotein (G) mediates viral attachment to host cell receptors. The viral F 

protein facilitates both virus-to-cell and cell-to-cell fusion (Ascough et al., 2018).  
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Based on divergent antigenic reactivity of the G glycoprotein, RSV can be 

classified into A and B subtypes which are further divided into 13 RSV A and 20 

RSV B genotypes (Pangesti et al., 2018). The transmembrane F and G 

glycoproteins are the main targets of humoral immune response and the 

G glycoproteins show significant variation between subtypes whereas the F 

protein is more highly conserved, making F protein a more attractive candidate 

for RSV vaccine development (Vekemans et al., 2019).   
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Figure 1.3: Schematic representation of a RSV virion. Virus particles consist of 
a lipid envelope in which the attachment glycoprotein (G), as well as the fusion 
(F) and small hydrophobic (SH) proteins are embedded. Matrix (M) protein lines 
the inner lipid envelope. The viral genome is comprised of non-segmented 
ssRNA, which is wrapped around nucleoprotein (N). The ribonucleoprotein 
complex is associated with the vRNA and consists of the large RNA-dependent 
RNA-polymerase (L), phosphoprotein (P) and M2-1 and M2-2 proteins. Figure 
from (Céspedes et al., 2016). 

 

  



17 
 

 
 

1.1.2.2 Viral replication 

RSV infection is initiated by attachment of the viral G glycoprotein to host cells 

(Figure 1.4). Airway epithelial cells are the primary targets of human RSV 

infection but immune cells such as alveolar macrophages (AMs) and DCs are 

also susceptible (Sarmiento et al., 2002; Guerrero-Plata et al., 2006; Johnson et 

al., 2011). Several host factors, including glycosaminoglycans, CX3CR1, 

intercellular adhesion molecule (ICAM)-1, epidermal growth factor receptor 

(EGFR) and nucleolin have been implicated as attachment factors and/or 

receptors for glycoprotein G (Battles et al., 2019). The F protein can also mediate 

attachment, although to a lesser extent than the G glycoprotein (Techaarpornkul 

et al., 2001). Following attachment, viral entry is then facilitated by fusion of the 

virion with the host cell membrane, a process which is mainly mediated by the F 

glycoprotein.  

RSV F protein is a type I viral fusion glycoprotein expressed on the surface of the 

virion which is synthesised as precursor F0 protein. Three F0 monomers 

assemble into a trimer and undergo activation by furin-like host proteases in the 

Golgi of host cells, generating the F1 and F2 subunits (González-Reyes et al., 

2001). Trimers of F1 and F2 form the metastable prefusion structures (pre-F) 

which are expressed on the virion surface. Upon binding of the virion to the target 

cell, pre-F is triggered and structural rearrangements in F result in formation of 

an unstable pre-hairpin intermediate. This intermediate forces viral and host cell 

membranes into close proximity, such that membranes fuse and the stable post-

fusion form (post-F) is formed (Mejias et al., 2017; Battles et al., 2019). While it 

is widely accepted that conformational changes in RSV F can result in direct 

fusion with the plasma membrane, there is also evidence to indicate that RSV 

infection of certain cell types, including airway epithelial cells, can occur via 

micropinocytosis and/or clathrin-mediated endocytosis (Kolokoltsov et al., 2007; 

Krzyzaniak et al., 2013). Irrespective of the route of entry, viral genomic RNA is 

then released into the cytoplasm for subsequent transcription and genomic 

replication.  
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RSV replication occurs exclusively in specialised cytosolic organelles known as 

“inclusion bodies” (Norrby et al., 1970). Inclusion bodies contain the viral 

replication complex (consisting of polymerase L, P and M2-1 proteins), as well as 

the genomic RNA which is bound to the viral N protein (Munday et al., 2015). The 

viral polymerase transcribes the genome sequentially from 3’ to 5’, generating a 

gradient of expression with highest levels of viral mRNA close to the 3’ end 

(Dickens et al., 1984). Each viral gene possesses its own promotor called the 

gene start (GS), as well as a transcription ending sequence at the gene end (GE). 

Viral mRNAs are then 5’-capped, polyadenylated at the 3’ end and transported to 

host cell ribosome complexes for translation into viral proteins. The RSV F, G and 

SH glycoproteins undergo processing through the endoplasmic reticulum (ER) 

and Golgi and are then transported to the apical plasma membrane. After mRNA 

transcription, the viral polymerase switches to transcribe positive-sense 

antigenomes which are a necessary intermediate for the production of the 

negative-sense genomic RNA (Fearns et al., 2000). For transcription of 

antigenomes, the viral polymerase operates in a “read-through” mode where the 

GS and GE of each gene are not recognised, a process likely mediated by the 

M2-2 protein (Hu et al., 2020). Antigenomes are then transcribed into negative-

sensed RNA genomes and wrapped to N proteins.  

Viral assembly and budding of RSV are not particularly well understood. 

Assembly of nascent virions occurs at the plasma membrane in a process which 

appears to be mediated by the F and M proteins. One model suggests that the 

cytoplasmic tails of F proteins in the plasma membrane act to recruit M proteins 

and that this, in turn, induces the movement of viral components to the budding 

site in an actin-dependent manner (Battles et al., 2019). RSV budding occurs 

independently of the ESCRT machinery, which is the most well-defined budding 

mechanism for enveloped RNA viruses (Utley et al., 2008). Apical recycling 

systems, including the apical recycling endosome (ARE), have been implicated 

in directional budding of RSV from polarised epithelial cells (Utley et al., 2008). 

For RSV, virus spread is also mediated via fusion of infected cells to neighbouring 

cells via a process dependent on both the viral F protein and RhoA, a cellular 

small GTPase protein. Fusion of RSV-infected cells results in the formation of 
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large syncytia, which is a characteristic feature of RSV infections in mammalian 

cell culture (Pastey et al., 1999; Collins et al., 2008).  
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Figure 1.4: RSV replication cycle. Virions attach to the host cell by interactions 
between the viral attachment G glycoprotein and appropriate attachment/entry 
receptors on the cell surface. Viral particles enter cells following direct fusion at 
the plasma membrane or by internalisation via endocytosis and/or 
micropinocytosis prior to subsequent fusion. The viral F protein undergoes 
conformational changes to induce fusion and subsequent release of vRNP into 
the cytoplasm. Viral replication and transcription occur in viral inclusion bodies in 
the cytoplasm. Viral mRNAs are transcribed by the viral polymerase complex. 
Unsegmented, negative-sense vRNA is also transcribed into an antigenome 
which serves as template for the generation of new vRNA. Viral spread is 
mediated via F protein-dependent formation of syncytia, allowing for direct fusion 
to neighbouring cells, or by budding of new virions from the apical membrane. 
Figure from (Battles et al., 2019). 
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1.1.2.3 RSV antivirals 

Despite extensive research, there are no licenced vaccines available for RSV, no 

curative therapies and only two FDA-approved antiviral drugs suitable for 

prevention or treatment of serious respiratory tract infections caused by RSV. 

Supportive care with fluid and oxygen management remain the mainstay 

approaches to treat RSV infections.  

Historically, the lack of RSV vaccine development can be attributed to a 

disastrous vaccine failure in the 1960s, where a clinical trial involving a formalin-

inactivated RSV vaccine in children led to enhanced disease following 

subsequent natural infection of vaccinees with RSV (Acosta et al., 2016). 

Hospitalisation in vaccinated participants occurred at higher incidence than in the 

control group and the trial was associated with two fatalities (Kim et al., 1969). 

The enhanced RSV disease in vaccinated individuals correlated with 

nonprotective antibody responses and the development of a pathogenic Th2 

memory response characterised by an influx of eosinophils into the lungs after 

RSV infection (Kim et al., 1969). While this deterred research into RSV vaccine 

candidates for many years, passive immune prophylaxis using monoclonal 

antibodies such as palivizumab (Synagis®) has represented an alternative and 

effective prophylactic that has been used for many years (Hu et al., 2010). 

Palivizumab is a humanised monoclonal antibody, comprising 95 % human and 

5 % murine amino acid sequences and is directed against a conserved epitope 

of the RSV F protein. Binding of palivizumab to F protein prevents viral fusion and 

shows activity against both RSV A and B (Scott et al., 1999). However, the high 

costs associated with this treatment have limited widespread use and it is 

generally only recommended for high-risk infants (Homaira et al., 2014). 

 

The only FDA-approved antiviral therapeutic against RSV is aerosolised ribavirin, 

a guanosine-nucleoside analogue that mimics purines such as inosine and 

adenosine and therefore inhibits viral RNA synthesis. Ribavirin was developed in 

the 1970s and has been shown to have antiviral properties against a range of 

DNA and RNA viruses (Fernandez et al., 1986). Ribavirin is currently used for 
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treatment of RSV and, in combination with IFN-α, for treatment of HCV (Olchanski 

et al., 2018). Other strategies currently in development to treat RSV infections 

include the use of recombinant antibodies or nanobodies to RSV proteins, fusion 

inhibitors to block fusion of the virus with host cells, NP inhibitors to impede viral 

replication, and nucleoside analogues and non-nucleoside inhibitors, amongst 

others (Behzadi et al., 2019; Karron, 2021). Of note, in the last 10 years, 

advances in the structural biology of the RSV F protein have resulted in intense 

interest in the development of an array of different RSV vaccine candidates, 

including particle based, live-attenuated, vector based and subunit vaccine 

candidates (Mazur et al., 2018). Recently, several vaccine candidates in clinical 

trials for infants and children as well as for elderly adults have shown promising 

results both in terms of vaccine immunogenicity and safety, highlighting the 

renewed interest in developing strategies to lessen the impact of this global health 

problem (Shan et al., 2021).  

 

1.1.3  Immunity to respiratory virus infections 

The immune system plays a critical role in controlling replication of different 

respiratory viruses, promoting virus clearance and establishing resistance to 

re-infection. The immune system is typically divided into innate and adaptive 

immunity, although these distinctions are not mutually exclusive. Adaptive 

immunity provides a pathogen-specific, fine-tuned immunological response which 

requires specific and highly regulated interactions between antigen-presenting 

cells (APCs) and T and B lymphocytes (Bonilla et al., 2010). In the early stages 

of infection, innate immune responses represent the first line of defence, limiting 

virus replication and spread prior to the expansion of antigen-specific adaptive 

immune responses. Pre-existing and rapidly induced innate immune mechanisms 

include soluble pattern recognition receptors (PRRs) of the galectin, defensin and 

C-type lectin families present in serum and respiratory fluids (Ganz, 2003; 

Rabinovich et al., 2009; Brown et al., 2018). Other components of humoral innate 
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immunity include proteins of the complement system which can opsonise or lyse 

virions or virus-infected cells (Bonilla et al., 2010).  

The cellular component of innate immunity involves cells of the myeloid lineage 

which act as professional APCs, including DCs, monocytes and macrophages. 

DCs patrol the skin and mucosal surfaces, sampling and internalising both self 

and non-self proteins via phagocytosis or endocytosis before presenting peptide 

antigens on their surface via major histocompatibility complex (MHC) class II 

molecules. This process of antigen presentation ultimately results in the 

activation of T cell responses to provide cell-mediated immunity against invading 

pathogens, including viruses (Aristizábal, 2013). Monocytes and macrophages 

can also function as APC and play key roles in releasing cytokines and 

chemokines to modulate adaptive and innate responses (Silva, 2010). Thus DCs, 

monocytes and macrophages play an important role in bridging innate and 

adaptive immune response. Innate lymphoid cells such as natural killer (NK) cells 

are rapidly induced and activated following viral infections, producing 

proinflammatory and cytotoxic proteins such as perforin and granzymes to kill 

virus-infected cells (Vivier et al., 2008). Neutrophils are also rapidly recruited to 

sites of viral and other infections, where they limit virus infection by releasing 

chemokines and cytokines, triggering degranulation or generating neutrophil 

extracellular traps (NETs) (Johansson et al., 2021). 

Effector cells of innate immunity have direct antiviral and/or immunoregulatory 

functions themselves, as well as promoting recruitment and activation of a range 

of additional cells. Type I IFNs are a key family of cytokines produced after viral 

infection which can also regulate aspects of adaptive immunity. For example, 

type I IFN induces maturation of DCs by increasing expression of costimulatory 

and MHC class I molecules. Additionally, type I IFNs mediate induction of 

antigen-specific CD8+ T cells and chemokines which recruit lymphocytes and 

monocytes (Kawai et al., 2006).  

Thus, the early inflammatory responses mediated by the innate immune system 

act to limit virus infection and spread in the first few days of infection, prior to the 

development and expansion of antigen-specific T cell and B cell responses to 
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promote virus clearance. In addition to limiting early infection, innate immunity is 

also key to regulating aspects of adaptive immunity. 

 

1.1.4 Pattern recognition receptors and detection of IAV and RSV 

As mentioned above, macrophages, DCs and epithelial cells lining the respiratory 

tract represent the primary targets of respiratory virus infection (Kreijtz et al., 

2011). These cells express a variety of evolutionarily conserved, germline-

encoded PRRs, which detect conserved pathogen-associated molecules or 

molecular structures, known as pathogen-associated molecular patterns 

(PAMPs) (Akira et al., 2006). Of the PRRs, Toll-like receptors (TLRs), RIG-I like 

receptors (RLRs) and NOD-like receptors (NLRs) have been particularly well 

characterised. TLRs are type I transmembrane receptors that sense a broad 

variety of pathogens, including bacteria, fungi, viruses and parasites. Depending 

on their localisation, particular TLR can detect extracellular pathogens at the cell 

surface or internalised pathogens within endosomal compartments. In general 

terms, cell-surface TLRs sense microbial membranes or cell wall components 

while endosomal TLRs sense nucleic acids (Fitzgerald et al., 2020). The 

expression of TLRs is often restricted to immune cells such as macrophages, 

neutrophils, DCs, B cells and specific T cell subsets. In contrast, RLRs are 

broadly expressed in different cell types throughout the body (Hartmann, 2017). 

RLRs sense viral pathogens by recognizing so called “non-self RNA” that 

represent nucleic-acid structures not usually present within mammalian cells (i.e. 

viral genomes or replication intermediates) to induce a broad antiviral signaling 

response, as discussed below. The relative contribution of particular PRRs to the 

detection of IAV and RSV is not completely clear, although both viruses have 

been demonstrated to interact with specific TLRs, NLRs and RLRs.  

The TLR family comprises 10 members (TLR1-TLR10) in human and 12 

(TLR1-TLR9, TLR11-TLR13) in mouse. TLR either localise to cell surface (TLR1, 

TLR2, TLR4-TLR6 and TLR10) or to intracellular compartments (TLR3, 

TLR7-TLR9 and TLR11-TLR13) such as the endosome, lysosome or 



25 
 

 
 

endolysosome (Kawasaki et al., 2014). Most TLRs utilise a MyD88-dependent 

signaling pathway. Upon activation of TLRs, MyD88 recruits IRAK1, which in turn 

activates TRAF6. This is followed by IκB kinase (IKK)-mediated phosphorylation 

and degradation of I kappa B (IκB)α, resulting in nuclear translocation of NF-κB 

and expression of inflammatory cytokines and chemokines. TLR3 utilises a 

MyD88-independent signaling cascade which consists of recruitment of TRIF, 

activation of TBK1 and RIPK1 and subsequent phosphorylation of IRF3 (Nie et 

al., 2018). TLR4 activates both MyD88-dependent and TRIF-dependent 

pathways (Yamamoto et al., 2003).  

TLR3, TLR4, TLR7, TLR8, TLR9 and TLR10 can all be activated following IAV 

infection either by sensing double-stranded (ds) RNA (TLR3 and TLR10), ssRNA 

(TLR7, TLR8, TLR9) or danger-associated molecular patterns (DAMPs) such as 

cellular proteins HMGB1 or SAP130 released from infected cells (TLR4) (Malik 

et al., 2020). A number of TLRs, namely TLR2, TLR3, TLR4, TLR6, TLR7, TLR8 

and TLR9 have all been implicated in antiviral responses to RSV infections (Samy 

et al., 2015; Ascough et al., 2018). 

The NLR family comprises 22 cytosolically expressed proteins. Based on N-

terminal effector domains, NLRs are divided into four subfamilies, namely NLRA, 

NLRB, NLRC and NLRP. Biology of NLRs is extremely complex and studies 

suggest that the function of NLRs goes beyond the function of PRRs as they have 

been implicated in autophagy, apoptosis, modification of signal transduction and 

gene transcription, as well as reproductive biology (Fritz et al., 2015). Many 

pathogens can activate NLR with NLRP3 being the best studied member which 

is activated by many microbes, including several RNA viruses such as IAV, RSV, 

and Sendai virus (SeV), as well as DNA viruses such as poxviruses and 

adenoviruses (Jacobs et al., 2012). NLRP3 recruits apoptosis-associated speck-

like protein (ASC) and caspase-1 to form the inflammasome – a multimeric 

protein platform that plays an important role during viral infections, including IAV 

and RSV, by regulating the release of inflammatory cytokines IL-1β and IL-18 

(Allen et al., 2009; Segovia et al., 2012; Triantafilou et al., 2013). 
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The RLR family comprises three members: retinoic acid-inducible gene I (RIG-I), 

melanoma differentiation-associated gene 5 (MDA5) and laboratory of genetics 

and physiology 2 (LGP2) (Yoneyama et al., 2005). RLRs are generally regarded 

as cytoplasmic RNA sensors although a nuclear form of RIG-I was recently 

described (Liu et al., 2018). All RLR possess a central helicase domain and a 

carboxy-terminal domain (CTD). RIG-I and MDA5 additionally possess two 

amino- terminal caspase activation and recruitment domains (CARDs) which are 

essential for downstream signaling. 

RIG-I represents the key sensor of IAV and RSV infections in mammalian cells. 

As this thesis focuses on RIG-I and its role during RNA virus infections, RIG-I is 

discussed in more detail in subsequent sections of the literature review. In terms 

of IAV, the viral genome forms a panhandle structure due to self-complementarity 

between the 5’ and 3’ ends of the viral gene segments and this acts as potent 

activator of RIG-I (Rehwinkel et al., 2010; Liu et al., 2015). Short aberrant RNAs 

generated as a by-product of viral replication have also been implicated in RIG-I 

activation, indicating that RIG-I has the potential to sense ligands associated with 

both incoming and replicating IAV (Te Velthuis et al., 2018; Liu et al., 2019). 

Recently, a nuclear-resident form of RIG-I was described and this was shown to 

bind to vRNPs in the nucleus, which is the location of IAV replication (Liu et al., 

2018). The role of MDA5 during IAV infection is less well defined. For example, 

studies have reported that MDA5 does (Xing et al., 2011; Benitez et al., 2015) 

and does not (Kato et al., 2006; Guo et al., 2007) contribute to cellular responses 

following IAV infection. In general, the function of RLRs and ISGs can be studied 

in a variety of ways including overexpression or siRNA screens. While 

overexpression screens identify a loss of virus replication when critical genes are 

overexpressed, siRNA screens show enhanced virus replication resulting from 

loss of function of antiviral factors. While most of the studies characterised the 

function of MDA5 by using siRNA strategies in vitro, Benitez et al. generated an 

IAV-based library of viruses encoding a unique mouse-specific siRNA capable of 

silencing a single virus-induced host transcript which was then subsequently 

administered to mice and selective pressure was used to identify out those host 

factors that restore replication of the attenuated virus. While in vitro systems 
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represent valuable and useful tools to assess single protein functions, especially 

the effects of interaction of molecules from different cell compartments are not 

expressed and subsequently lead to misinterpretation of results. Thus, the in vivo 

screening approach represents a more physiological and probably more relevant 

model, which makes a contribution of MDA5 sensing following IAV infection likely 

but probably secondary to that of RIG-I. 

RIG-I has also been identified as an innate sensor of RSV, although the exact 

viral structures recognised by RIG-I are yet to be resolved (Xing et al., 2011). The 

specific roles of RIG-I versus MDA5 during RSV infection are also not clearly 

defined. Initial studies in mouse fibroblasts suggested that MDA5 was 

dispensable while RIG-I was essential for signaling following RSV infection (Loo 

et al., 2008). However, subsequent studies suggest that MDA5 may play a 

complementary role to RIG-I during RSV infection by preventing the early 

degradation of transcription factor IRF3 and therefore sustaining IRF3-dependent 

antiviral gene expression (Grandvaux et al., 2014).  

LGP2 is an additional RLR that lacks the amino-terminal CARDs required for 

initiating the activation of IRF3 and IFN transcription. Studies have proposed 

LGP2 can mediate both antiviral and proviral functions during different virus 

infections and suggested that its function might be dependent on both cell type 

and/or nature of the particular virus (Rodriguez et al., 2014). In regard to IAV 

infection, LGP2 has been reported to downregulate IFN production during 

infection by seasonal IAV that activate IRF3 and IFN transcription (Malur et al., 

2012), however its role during RSV infections has yet to be reported. 

 

1.1.4.1 RIG-I and RIG-I signaling 

RIG-I is a DExD/H box helicase that was first described in 2004 as an essential 

receptor to detect viral dsRNA and to induce downstream signaling upon viral 

infection (Yoneyama et al., 2004). Until recently it was thought to be exclusively 

expressed in the cytoplasm, however Liu et al. recently demonstrated that RIG-I 

was also expressed in the nucleus (Liu et al., 2018). RIG-I contains three 
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functionally distinct domains; a helicase domain, as well as a C-terminal and a N-

terminal domain (Yoneyama et al., 2004). The helicase core that comprises of 

two helicase domains, Hel1 and Hel2, is framed on one side by the N-terminus, 

consisting of two repeating CARDs and on the other side by the CTD. RIG-I 

mediated signaling requires the adaptor protein MAVS (also called IPS-1, Cardiff 

or VISA) which interacts with the CARDs of RIG-I to promote recruitment of 

downstream signaling molecules and, ultimately, to the transcriptional activation 

of IFN and proinflammatory cytokine genes (Seth et al., 2005). The CTD of RIG-

I is involved in the recognition of viral RNA and binding to dsRNA induces a 

conformational change that exposes the N-terminus of the CARDs. The helicase 

core serves as an active site for ATP binding and hydrolysis and also contains a 

RNA binding site (Yoneyama et al., 2007). Despite similar structures, RIG-I and 

MDA5 generally play non-redundant roles in the detection of different viruses. For 

example, MDA5 is essential for sensing picornavirus infection whereas RIG-I acts 

as the primary sensor for a range of other RNA virus infections including SeV, 

Newcastle disease virus (NDV), vesicular stomatitis virus (VSV) and Japanese 

encephalitis virus (Kato et al., 2006; Loo et al., 2008; Goutagny et al., 2010; 

Weber-Gerlach et al., 2016). For IAV and RSV, as discussed above, RIG-I 

appears to act as the primary sensor of virus infection but there is evidence to 

suggest that MDA5 might play a complementary role in antiviral immunity 

(Grandvaux et al., 2014; Sun et al., 2017). 

RIG-I binding to viral RNA occurs via binding of the CTD to the 5’ triphosphate 

end of the RNA as well as recognition by the helicase domain. RIG-I recognises 

short dsRNA regions with blunt ended 5’-triphosphate or 5’-diphosphate moieties, 

which are often at the end of (+) ssRNA viruses (Schlee et al., 2009; Goubau et 

al., 2014). Furthermore, the presence of an unmethylated 5’-terminal nucleotide 

at the 2’-O position is important for RIG-I activation as the presence of 

N1-2’O-methylated RNA results in steric hindrance and inhibition of recognition 

by RIG-I (Schuberth-Wagner et al., 2015). While RIG-I recognises short dsRNA 

species, MDA5 detects long (>1kb) dsRNA (Kato  et al., 2008). For (-) ssRNA 

viruses which generally do not form dsRNA during infection, RIG-I-mediated 

detection can still occur due to the formation of short double-stranded structures 
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by highly complementary 5’- and 3’-sequences. The formation of such 

“panhandle” structures triggers binding and subsequently activation of RIG-I 

(Schlee et al., 2009; Goubau et al., 2014; Liu et al., 2015). Interestingly, 

expression of these panhandle moieties serves as a tool to distinguish self from 

non-self RNA, as these secondary structures are typical of viral, but not 

mammalian, RNA (Gack, 2014).  

In uninfected cells, RIG-I exists in a conformation where the critical signaling 

CARDs are masked and kept in an autoinhibited state which sterically cannot 

induce downstream signaling to MAVS (Figure 1.5) (Kowalinski et al., 2011). In 

this inactive state, RIG-I is phosphorylated at several residues within the CARD 

and the CTDs (Chan et al., 2015). Following binding of vRNA to the CTD and the 

helicase domains during viral infection, ATP-dependent conformational changes 

are induced and the CARD are released from the autoinhibited state to form a 

2-CARD tetramer structure which serves a signaling platform (Kowalinski et al., 

2011). These conformational changes are accompanied by a number of 

additional posttranslational modifications, including polyubiquitination and 

dephosphorylation of the RIG-I protein (Saito et al., 2007).  

E3 ubiquitin ligases such as TRIM25, Riplet, TRIM4 and MEX3C facilitate 

Lys63-(K63)-linked polyubiquitination at the CTD and CARDs. While the specific 

roles of each of the E3 ubiquitin ligases are not yet completely understood, recent 

studies suggest that Riplet is indispensable for RIG-I activation while others, such 

as TRIM25, are dispensable and may exhibit redundant functions (Okamoto et 

al., 2017; Okude et al., 2020). Although the function of TRIM25 on RIG-I 

activation are reported to be redundant and dispensable, evidence is emerging 

that TRIM25 possesses other antiviral properties independent on its regulation of 

RIG-I. Meyerson et al. reported that TRIM25 possesses anti-influenza activity in 

the nucleus and current studies from Choudhury et al. confirmed the destabilising 

activity of TRIM25 on IAV mRNA and a subsequent antiviral function independent 

of RIG-I (Meyerson et al., 2017; Choudhury et al., 2021). 
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In addition to polyubiquitination, CARDs are also dephosphorylated by the 

phosphoprotein phosphatases 1 (PP1)-α and PP1-γ (Wies et al., 2013). 

Acetylation and SUMOylation, as well as involvement of other regulatory proteins, 

have also been reported to modulate RIG-I activation (Liu, Yiliu et al., 2017).  
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Figure 1.5: Activation of RIG-I. i) In uninfected cells, RIG-I is in an inactive state 
and the CARDs and CTDs are phosphorylated. ii) Following binding of dsRNA to 
the CTD and subsequent ATP hydrolysis, RIG-I is dephosphorylated by PP1-α 
and PP1-γ, resulting in a conformational change and dimerisation. iii) Several 
ubiquitin ligases (MEX3C, Riplet, TRIM4, TRIM25) then mediate Lys63-linked 
ubiquitination of the CTDs and CARDs. iv) After formation of oligomers, RIG-I 
then translocates to MAVS which is located at the mitochondrial membrane 
before interactions between MAVS and the CARDs induce downstream 
signaling. Adapted from (Brisse et al., 2019), generated in BioRender. 
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Release of the RIG-I CARD from its auto-inhibitory state allows for the formation 

of filamentous oligomers of RIG-I and facilitates interactions between CARD and 

the downstream adaptor protein MAVS, a key determinant for the antiviral 

signaling cascade. MAVS localises to the outer mitochondrial membrane and 

interacts with several kinases and proteins such as TRAF3, TRAF6 TNFR 

associated death domain (TRADD) and TRAF-associated NF-ĸB activator 

(TANK1), resulting in the generation of a large multimeric protein complex called 

the “MAVS signalosome” (Dutta et al., 2020). The MAVS signalosome then 

activates the IKK complex (IKKα, IKKβ and NEMO) and TBK1 kinases, which 

phosphorylate and activate the transcription factors IRF3/7 and also mediate 

NF-κB activation by phosphorylation and degradation of the inhibitory subunit 

IκBα (Seth et al., 2005). Translocation of NF-κB to the nucleus results in the 

expression of a variety of chemokines and cytokines which are generally pro-

inflammatory in nature (e.g. IL-1, IL-6 and TNF-α) (Liu, Ting et al., 2017). 

Dimerisation of phosphorylated IRF3/7 also results in translocation to the nucleus 

and subsequent transcription of genes encoding type I (IFN-α/β) and type III 

(IFN- λ) IFNs (Figure 1.6). 

 

1.1.4.2 Pathways to regulate RIG-I antiviral signaling  

Activation of RLR signaling and the corresponding induction of inflammatory and 

antiviral pathways must be tightly controlled to prevent aberrant activation and 

the induction of a “cytokine storm”, a phenomenon where over-active immune 

responses can weaken the host and enhance disease pathogenesis. Virus-

infected cells regulate RIG-I activation by negative regulatory feedback loops. For 

example, a splice variant of RIG-I (RIG-I SV), carrying a short deletion within the 

CARD, is induced upon viral infection. As truncated RIG-I SV loses interaction 

with TRIM25, CARD ubiquitination and the downstream signaling cascades are 

interrupted. Thus, RIG-I SV serves as an ‘off-switch’ for its own signal pathway 

(Gack et al., 2008). Furthermore, a splice variant of MAVS, called MAVS1a, has 

been shown to bind to RIG-I and inhibit its interaction with full-length MAVS (Lad 

et al., 2008). Interestingly, MAVS mRNA is bicistronic and translation results in 
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expression of a truncated MAVS protein, named “miniMAVS” which has also 

been reported to dampen IFN induction (Brubaker et al., 2014). Cellular levels of 

RIG-I protein are also negatively regulated by the IFN-inducible LGP2 and ISG15 

proteins. While the role of LGP2 during viral infection is still unclear, studies 

indicate that it can interfere with recognition of dsRNA by RIG-I (Moresco et al., 

2010). ISG15 also regulates levels of RIG-I protein but does so through 

ISGylation, and reduced levels of RIG-I as a result of this modification lead to 

reduced antiviral signaling by RIG-I (Yoneyama et al., 2005; Saito et al., 2007; 

Kim et al., 2008). 

Besides the cell-specific RIG-I regulation, viral pathogens have evolved different 

mechanisms to escape detection by RIG-I. For example, it has been speculated 

that replication of Orthomyxoviruses takes place within the nucleus in order to 

minimise detection by cytoplasmic RIG-I (Weber et al., 2015). Experimental 

studies have also demonstrated that the IAV NS1 protein can antagonise RIG-I 

and interact at different steps within the RIG-I signaling cascade. NS1 can inhibit 

RIG-I sensing by interacting with RIG-I itself (Pichlmair et al., 2006). The 

activation and translocation of downstream transcription factors as IRF3 and 

NF-κB are also hampered by NS1 (Talon et al., 2000; Wang et al., 2000). 

Moreover, NS1 inhibits the ubiquitin ligases Riplet and TRIM25 to interrupt 

ubiquitination and subsequently activation of RIG-I (Gack et al., 2009; Rajsbaum 

et al., 2012). Inhibition of RIG-I activation and signaling is a feature of the IAV 

NS1 and not the NS2 protein (Zhao et al., 2017). IAV proteins PB1 and PB2 can 

also antagonise RIG-I activation by direct binding and inhibition of MAVS and the 

viral HA has also been shown to interact with IFN receptors and promote IFNAR1 

degradation (Varga et al., 2011; Xia et al., 2015). Recently it was shown that IAV 

infection was also associated with ubiquitination and degradation of Janus kinase 

(JAK)1 and that this correlated with increased expression of suppressor of 

cytokine signaling (SOCS)1. Moreover, the authors then confirmed that SOCS1 

mediated JAK1 ubiquitination and SOCS1-dependent degradation during IAV 

infection (Du et al., 2020). 
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RSV has also established different mechanisms to circumvent cell-intrinsic 

immune responses. Many of these act to supress IFN-α, IFN-β and IFN-λ 

expression and are mediated predominantly by the RSV NS1 and/or NS2 proteins 

(Spann et al., 2004). For example, NS1 can bind to the adaptor protein MAVS 

(Boyapalle et al., 2012) while NS2 binds to the CARD of RIG-I (Ling et al., 2009) 

and either binding event results in decreased RIG-I – MAVS interactions. A recent 

study suggests that binding of NS2 to the inactive conformation of RIG-I prevents 

ubiquitination of RIG-I and subsequent downstream signaling (Pei et al., 2021). 

NS1 and NS2 have also shown to perturb the JAK-STAT signaling pathway and 

to induce degradation of STAT2, resulting in reduced IFN responsiveness (Lo et 

al., 2005).  

Taken together, both IAV and RSV have developed multiple pathways to 

suppress the induction of type I and III IFNs, a process which is mainly mediated 

by the NS1 of IAV and by the NS1 and NS2 proteins of RSV.  

 

1.1.4.3 Secretion and signaling by type I and type III IFNs 

Type I IFN proteins that are translated and secreted from cells can then bind in 

an autocrine or paracrine manner to cell surface receptors comprised of two 

transmembrane subunits, IFNAR1 and IFNAR2, that are expressed on most 

nucleated cells (Schreiber, 2017). Binding of IFN-α/β to its corresponding 

receptor results in receptor dimerisation, bringing the receptor-associated JAK 

proteins in close proximity to induce further signaling. Activated JAK1 and 

tyrosine kinase 2 (TYK2) phosphorylate tyrosine residues at the intracellular 

receptor subunit and this serves as the binding site for signal transducer and 

activator of transcription (STAT) proteins (Stark et al., 2012). In a second 

phosphorylation step, STAT1 and STAT2 are phosphorylated by JAK proteins, 

resulting in their dimerisation and translocation to the nucleus, where they form 

either dimeric STAT complexes or heterotrimeric STAT-IRF9 complexes (Durbin 

et al., 2013). These complexes induce gene expression by binding to IFN-

stimulated response elements (ISREs), resulting in the transcription of hundreds 
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of IFN-stimulated genes (ISGs) which contribute to the induction of an ‘antiviral 

state’ in virus-infected cells or in uninfected neighbouring cells (Schoggins et al., 

2011a). Induction of type I IFNs and the subsequent induction of ISGs is 

summarised in (Figure 1.6). 

In addition to type I IFNs, RIG-I activation also stimulates production of 

type III IFNs, also known as IFN-λ (Kotenko et al., 2003). Type III IFNs (IFN-λ1, 

2 & 3) were discovered as interleukin (IL)-29, 28a & 28b and share many similar 

functions with type I IFNs (Kotenko et al., 2003). IFN-λ4 was discovered later and 

most closely resembles IFN-λ3, although the amino acid identity between the two 

is only approximately 30 % (O'Brien et al., 2014). RIG-I-mediated induction of 

IFN-λ and IFN-α/β occur via similar pathways however the IFN-λ receptor 

(comprised of IFNLR1 and IL-10Rβ) is predominantly expressed by epithelial 

cells (Hemann et al., 2017; Lee, S. et al., 2017) and there does not appear to be 

cross-reactivity between type I and III IFNs and their corresponding receptors 

(Durbin et al., 2013). Given this more restricted receptor expression, antiviral 

immunity associated with IFN-λ has been particularly well studied during 

epithelial cell infections. For example, following selective administration of IAV to 

the upper airways, mice lacking functional IFN-λ receptors showed enhanced 

virus dissemination to the lungs, shed more infectious virus from their nostrils and 

transmitted virus much more efficiently to naïve contacts when compared to wild 

type mice or mice lacking functional type I IFN receptors (Klinkhammer et al., 

2018). Similar to IFN-α/β, IFN-λ signaling also includes activation of the 

JAK/STAT pathway and the subsequent induction of hundreds of ISGs (Figure 
1.6).  
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Figure 1.6: Induction of type I and type III IFN-dependent ISG expression 
following RLR activation. Viral infection is sensed by the cytosolic PRRs RIG-I 
and/or MDA5, resulting in activation of intracellular signaling cascades and 
subsequent phosphorylation and dimerisation of transcription factors IRF3 and 
IRF7, resulting in their translocation into the nucleus to induce transcription of 
type I (IFN-α and IFN-β) and type III (IFN-λ) IFNs. Following secretion, type I and 
type III IFNs bind to their corresponding cell-surface receptors in an autocrine or 
paracrine manner. This, in turn, activates the JAK/STAT pathway and induces 
subsequent transcription of ISGs. Figure generated in BioRender.   
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1.1.4.4 Interferon-stimulated genes (ISGs) 

Functional IFN-α/β and IFN-λ signaling induces expression of hundreds to 

thousands of ISGs with the particular number determined by a number of factors, 

including the particular cell and/or tissue involved (Diamond et al., 2013). A 

number of ISG proteins have been characterised as antiviral proteins or ‘host cell 

restriction factors’ and some, such as the IFN-induced transmembrane (IFITM) 

proteins, IFN-Induced Proteins with Tetratricopeptide Repeats (IFIT) proteins and 

the 2′–5′-oligoadenylate synthetase (OAS)/RNase L system have been 

particularly well studied. However, of the many ISGs induced in host cells in 

response to viral infection, the antiviral function of relatively few have been 

characterised in detail (Sadler et al., 2008). Overall, the antiviral functions of ISG 

proteins have been particularly well-characterised against viruses such as human 

immunodeficiency virus (HIV)-1 (Colomer-Lluch et al., 2018) and IAV (Villalón-

Letelier et al., 2017), while less is known regarding their activity against a range 

of other viruses, including RSV. 

In general terms, ISG proteins characterised to date have been shown to impact 

different stages of the virus replication cycle. For example, ISG proteins have 

been reported to inhibit viral entry and/or fusion, while others target subsequent 

steps during virus replication including transcription, translation or viral protein 

synthesis. Moreover, a number of different ISG proteins have been reported to 

interfere with the late stages of viral replication, including virus budding and 

release (Villalon-Letelier et al., 2017; Farrukee et al., 2020). A number of ISG 

proteins with reported antiviral activity against IAV and/or RSV are discussed 

below, highlighting examples of those that restrict virus entry, replication or virus 

release. 

 

1.1.4.5 Restriction of virus entry by IFITM proteins 

Human IFITM-family proteins have been reported to inhibit the early stages of 

IAV and RSV infections (Brass et al., 2009; Zhang, W. et al., 2015b). IFITM 

proteins differ in regard to their cellular distribution with IFITM1 expressed 
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predominantly at the plasma membrane whereas IFITM2 and IFITM3 tend to 

localise to endosomal/lysosomal compartments. Despite their different cellular 

locations, the general consensus is that IFITM proteins act to inhibit fusion 

between viral and cellular membranes thereby restricting the virus from entering 

the cytoplasm (Diamond et al., 2013). For IAV, IFITM2 and particularly IFITM3 

have been implicated in blocking endosomal fusion and therefore infectious virus 

entry (Brass et al., 2009; Feeley et al., 2011; Kummer et al., 2019). Of interest, 

IFITM1, IFITM2, and IFITM3 have been implicated in interfering with RSV entry 

and therefore inhibiting subsequent replication steps (Zhang, W. et al., 2015a). 

IFITM1 localises to the plasma membrane and has been shown to inhibit a range 

of viruses that infect cells directly at this site, including RSV (Smith et al., 2019).  

 

1.1.4.6  ISG proteins that inhibit aspects of virus replication 

IFIT proteins (IFIT-1/2/3) can be induced through IFN-dependent 

and -independent pathways and possess multiple functions against invading 

viruses. First, they bind to the eukaryotic initiation factor 3 (eIF3) translation 

initiation complex, therefore inhibiting protein translation. Also, IFIT proteins have 

evolved to detect non-self RNAs, including viral RNAs. mRNA from higher 

eukaryotes is usually capped and 2′-O-methylated at the 5′ guanosine end (also 

called the N-7-methylguanoside cap), whereas many viral RNAs express an 

uncapped 5’-ppp moiety sequestered by a 2′-O-unmethylated 5′ guanosine end 

and these structures are readily detected by IFIT proteins, resulting in inhibition 

of viral mRNA translation (Vladimer et al., 2014). Silencing of IFIT proteins has 

been reported to enhance IAV replication (Pichlmair et al., 2011) and a recent 

study by Drori et al. showed that silencing of IFIT1-3 resulted in enhanced RSV 

replication while in contrast overexpression of IFIT1-3 resulted in reduced RSV 

replication (Drori et al., 2020).  

ISG15 is an ubiquitin-like IFN-inducible protein that elicits diverse and pathogen-

specific functions. ISG15-induced conjugation to target proteins (ISGylation), as 

well as unconjugated ISG15 have been associated with antiviral activity, however 
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the exact mechanisms are poorly understood (Perng et al., 2018). ISGylation of 

viral proteins affects stability and function and can disrupt their interaction with 

host pathways required for viral replication. Extracellular, unconjugated ISG15 

has been reported to function as cytokine which promotes activation of different 

immune cell subsets, including NK cells, DCs, T cells and macrophages (Perng 

et al., 2018). In vivo, ISG15 −/− mice showed increased susceptibility to IAV 

infection and in vitro knockout or knockdown of ISG15 in human cells was used 

to confirm its antiviral activity against RSV (Lenschow et al., 2007; Morales et al., 

2015; González-Sanz et al., 2016). 

The OAS are a family of ISGs which bind dsRNA associated with the replication 

of a broad range of viruses, including IAV and RSV (Behera et al., 2002; Li et al., 

2016). Upon activation of OAS, 2’-5’-oligomers of adenosine are formed which 

act as second messengers on the latent ribonuclease (RNase L), triggering its 

dimerisation and activation. RNase L is a ribonuclease which degrades cellular 

and viral RNA, resulting in the degradation of viral RNA and inducing apoptosis 

of virus-infected cells (Hartmann, 2017; Schwartz et al., 2019). 

 

1.1.4.7 Inhibition of late stages of infection by ISG proteins 

Of the ISG proteins reported to inhibit late stages in virus replication, tetherin has 

been reported to be active against IAV (Gnirß et al., 2015) and RSV (Berry et al., 

2018), as well as against other enveloped viruses such as HIV-1, Ebola virus, 

Herpes simplex virus (HSV)-1 and Lassa virus (Farrukee et al., 2020). Tetherin 

inhibits viral replication by preventing virus budding from the plasma membrane 

and by inducing an antiviral state in cells adjacent to infection via unique 

inflammatory signaling mechanisms. 
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1.1.5 Mx proteins 

1.1.5.1 General features  

Mx (myxovirus resistance) proteins are dynamin-like GTPases that are probably 

the best-studied ISGs induced in response to IAV infection (Haller et al., 2020). 

Although most intensively studied in regard to inhibition of IAV, there is increasing 

evidence that particular Mx proteins can restrict viruses from a number of different 

genera (Haller et al., 2015). Mx genes tend to be highly conserved across 

different species with one to seven Mx genes expressed in almost all vertebrates 

(Verhelst et al., 2013). Most mammals, including humans and mice, express two 

Mx genes. Human MxA is a cytoplasmic protein whereas MxB localises to the 

nucleus. Mouse Mx1 is an ortholog of human MxA that is expressed in the 

nucleus whereas mouse Mx2, a paralog of mouse Mx1 rather than an ortholog of 

human MxB, is expressed in the cytoplasm (Busnadiego et al., 2014). Table 1.1 

provides examples of viruses inhibited by different human and mouse Mx 

proteins, while a more comprehensive summary can be found in (Verhelst et al., 

2013).  

Mx proteins consist of a N-terminal GTPase (G) domain, a middle domain (MD) 

and a C-terminal GTPase effector domain (GED) (Figure 1.7). A stalk domain, 

consisting of the MD and GED, is separated from the G domain by a bundle 

signaling element (BSE). The BSE forwards the conformational changes induced 

by GTP hydrolysis in the G domain to the stalk of the Mx protein (Rennie et al., 

2014). The crystal structure of human MxA, but not human MxB, mouse Mx1 or 

mouse Mx2, has been resolved (Gao et al., 2011). In the stalk domain, a 40 amino 

acid long loop named L4 (residues 533 to 572) is critical for viral target recognition 

of MxA (von der Malsburg et al., 2011; Mitchell et al., 2012). Of note, Mx proteins 

which are expressed in the nuclear compartment express a nuclear localisation 

signal (NLS) which is located at the N-terminus for human MxB (Melén et al., 

1996) or at the C-terminus for mouse Mx1 (Noteborn et al., 1987; Zürcher et al., 

1992c) and which is critical for protein localisation. Human MxB elicits antiviral 

activity against HIV-1 (Goujon et al., 2013; Kane et al., 2013) and HSV-1 (Crameri 

et al., 2018; Schilling et al., 2018) whereas mouse Mx1 is active against IAV and 
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VSV, and a limited number of additional viruses (Pavlovic et al., 1992; Dittmann 

et al., 2008; Sehgal et al., 2020). Steiner et al. showed that MxB expressed in 

distinct nuclear domains instead of the perinuclear region still mediated anti-HIV-

1 activity and that a chimeric MxA-MxB protein (containing the N-terminal amino 

acids of MxA in place of the N-terminal amino acids of MxB) actually acquired 

anti-IAV activity (Steiner et al., 2020). In mouse Mx1, single amino acid 

substitution in its NLS resulted in redistribution to the cytoplasm and loss of 

antiviral activity against IAV and VSV (Zürcher et al., 1992c).  

Upon activation, MxA oligomerises into multimeric filamentous or ring-like 

structures by virtue of its stalk domain (Kochs et al., 2002; Gao et al., 2011). 

Mutational analyses have shown that antiviral activity of MxA depends on GTP 

binding and hydrolysis, an intact BSE and intact oligomerisation via the stalk, 

while for MxB the N-terminus was important for antiviral activity as only the long 

78 kDa form with an intact N-terminal NLS-like sequence was found to be antiviral 

against HIV-1 (Haller et al., 2015). Of interest, Mx expression is only induced by 

type I and III IFNs and not by virus infection itself, making Mx proteins excellent 

markers for studies investigating IFN induction (Fasciano et al., 2005; Holzinger 

et al., 2007). 
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Figure 1.7: Structure of human MxA protein. A) Individual domains of human 
MxA. The BSE is labeled ‘B’ and is colored in red, the G domain is coloured in 
orange, the stalk domain consists of the middle domain in green and the GTPase 
effector domain in blue. B) Crystalized structure of human MxA (72 kDa). Figure 
adapted from (Haller et al., 2015), structure isolated by (Gao et al., 2011).  
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1.1.5.2 Antiviral activity of human and mouse Mx1 proteins 

The exact mechanisms by which human and mouse Mx proteins mediate their 

antiviral activities are still not fully understood. Given that the antiviral activities of 

Mx proteins are often linked to their cellular localisation, nuclear Mx proteins often 

restrict viruses such as IAV that replicate within the nucleus, whereas cytoplasmic 

Mx proteins often inhibit viruses such as VSV that replicate exclusively in the 

cytoplasm. However, exceptions do exist. For example, cytoplasmic human MxA 

restricts a diverse range of viruses including Orthomyxoviridae which replicate in 

the nucleus, as well as Bunyaviridae, Rhabdoviridae, Paramyxoviridae and 

Hepadnaviridae, amongst others, which, except for Hepadnaviridae, replicate 

exclusively in the cytoplasm (Haller et al., 2015; Hu et al., 2015; Dietzgen et al., 

2017; Fearns et al., 2017; Ferron et al., 2017). Nuclear expression of human MxB 

also correlates with its ability to inhibit retroviruses (Goujon et al., 2013; Kane et 

al., 2013; Liu et al., 2013) and herpesviruses (Crameri et al., 2018; Schilling et 

al., 2018) which replicate in the nucleus. Mouse Mx1 is also expressed in the 

nucleus and its antiviral activity appears to be quite specific for Orthomyxoviridae. 

Of interest, a recent study suggested that under certain conditions, mouse Mx1 

can also form cytoplasmic intermediate filaments and condensates and that these 

are associated with inhibition of VSV, a member of the Rhabdoviridae (Sehgal et 

al., 2020). Cytoplasmic mouse Mx2 does not inhibit IAV but is reported to be 

active against a small number of viruses that replicate in the cytoplasm such as 

VSV and Hantaan virus (Zürcher et al., 1992b; Jin et al., 2001).  

The exact mechanisms by which Mx proteins inhibit different viruses are still 

under investigation and most current knowledge relates to inhibition of IAV by 

different Mx proteins. For example, human MxA retains IAV nucleocapsids in the 

cytoplasm, preventing their nuclear import and thereby blocking early steps in the 

viral replication cycle (Xiao et al., 2013; Haller et al., 2020). In contrast, mouse 

Mx1 inhibits primary transcription and is reported to interact with the 

ribonucleoprotein complex, disrupting interactions between the viral NP and PB2 

(Pavlovic et al., 1992; Verhelst et al., 2012). A recent study identified human MxB 

as a potent inhibitor of different herpesviruses which blocked the uncoating of 
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viral DNA from the incoming viral capsid, thereby inhibiting infection at a stage 

prior to genomic replication (Crameri et al., 2018; Schilling et al., 2018). 

In some but not all instances, the cellular localisation of Mx proteins is a key 

determinant of antiviral activity. For example, human MxA engineered to express 

an artificial NLS was detected in the nucleus and retained antiviral activity against 

IAV, whereas mutations in mouse Mx1 resulting in its redistribution to the 

cytoplasm abolished its antiviral activity against IAV (Zürcher et al., 1992a; 

Zürcher et al., 1992c). 

Table 1.1: Localisation and antiviral function of human and mouse Mx proteins.  

Protein Localisation Virus Virus family Reference 

Human 
MxA 

cytoplasmic IAV (H7N7, 
H3N2, H1N1, 
H5N1) 

 

Orthomyxoviridae (Pavlovic et 
al., 1990)  

(Pavlovic et 
al., 1992) 

(Dittmann et 
al., 2008) 

(Xiao et al., 
2013) 

Hantaan virus  

La Crosse virus  

Rift Valley fever 
virus  

Sandfly fever 
virus 

Bunyaviridae  (Frese et al., 
1996) 

VSV Rhabdoviridae (Pavlovic et 
al., 1990) 

Measles virus Paramyxoviridae (Schnorr et 
al., 1993) 

Hepatitis B virus Hepadnaviridae (Li et al., 
2012) 
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Hepatitis C virus Flaviviridae (Wang, H. et 
al., 2018) 

Human 
MxB  

nuclear pore HIV-1 Retroviridae (Goujon et 
al., 2013) 
(Kane et al., 
2013) 

 

HSV Herpesviridae (Crameri et 
al., 2018) 
(Schilling et 
al., 2018) 

Mouse 
Mx1 

nuclear IAV (H1N1, 
H5N1, H7N7) 

 

 

 

 

 

 

 

 

 

 

 

Orthomyxoviridae 

 

 

 

 

(Lindenmann 
et al., 1963) 

(Krug et al., 
1985) 

(Haller et al., 
1995) 

(Salomon et 
al., 2007) 

(Tumpey et 
al., 2007) 

(Dittmann et 
al., 2008) 

(Zimmermann 
et al., 2011) 

(Deeg et al., 
2017) 

 Thogovirus, 

Dhori virus,  

Batken virus 

 (Thimme et 
al., 1995) 

(Frese et al., 
1997) 
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classical swine 
fever virus 
(CSFV) 

Flaviviridae (Chen et al., 
2020) 

cytoplasmic VSV Rhabdoviridae (Sehgal et al., 
2020) 

Mouse 
Mx2 

cytoplasmic  VSV Rhabdoviridae (Zürcher et 
al., 1992b) 

Hantaan virus Bunyaviridae (Jin et al., 
2001) 

 

 

1.1.5.3 Antiviral activities of Mx proteins from different species 

While human and mouse Mx proteins have been well studied, Mx proteins from 

other species have also been reported to mediate antiviral activity. Mx proteins 

are widely conserved and expression has been confirmed in rats, chickens, cows, 

pigs, horses, hamsters, sheep, frogs and various fish species (Verhelst et al., 

2013). Antiviral activity of Mx proteins against IAV has been described, amongst 

others, for rat (Arnheiter et al., 1988), horse (Fatima et al., 2019) and pig Mx 

proteins (Palm et al., 2010). For some animals, such as duck and chicken, 

conflicting reports exist with some studies reporting that Mx proteins do (Ko et al., 

2002) or do not (Bazzigher et al., 1993; Bernasconi et al., 1995; Benfield et al., 

2008) inhibit IAV. In Odontoceti cetaceans (toothed whales, including dolphins 

and orcas), the antiviral function of Mx proteins is completely lost and it has been 

speculated that in evolution, an unknown virus may have manipulated Mx function 

to promote infection, thereby driving the loss of a functional Mx over time (Braun 

et al., 2015).  

The Mx2 protein from different species has been defined as a restriction factor 

against retroviruses and lentiviruses. Equine Mx2 was identified to possess 

antiviral activity against equine infectious anemia virus (EIAV) (Ji et al., 2018; 

Meier et al., 2018). Interestingly, while equine Mx2 inhibits other primate 
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lentiviruses such HIV-1, HIV-2 or simian immunodeficiency viruses (SIVs), 

human MxB does not restrict EIAV (Meier et al., 2018).  

 

1.1.5.4 Mx proteins in mice – establishing the importance of mouse Mx1 in vivo 

The in vivo roles of Mx proteins and, in particular Mx1, have been particularly well 

studied during IAV infection of mice. Lindenmann first reported the A2G strain of 

laboratory mice to be resistant to lethal IAV infection and demonstrated the need 

to use much higher inoculum doses to induce mortality when compared to other 

laboratory mouse strains (Lindenmann, 1962). Soon after, Lindenmann 

determined that this trait was inherited by a single dominant allele named Mx 

(Lindenmann, 1964).  

Subsequent studies revealed that common laboratory strains of mice were highly 

susceptible to infection with mouse-adapted IAV due to deletions or nonsense 

mutations within the Mx1 locus and therefore premature termination of Mx1 

protein translation (Staeheli et al., 1988), while the resistance of A2G mice was 

inherited as a dominant autosomal trait and was dependent on the Mx1 gene 

(Staeheli et al., 1988). The mouse Mx2 protein is also non-functional in most 

laboratory mouse strains due to an insertional mutation and subsequent 

frameshift mutation (Jin et al., 1999). It is unclear why most laboratory mouse 

strains lack functional Mx1 genes. The loss of the Mx loci may be a classical 

founder effect as most laboratory strains are derived from a relatively small pool 

of ancestors (Guénet et al., 2003). The absence of positive selection for a 

functional Mx locus or an unknown selective advantage for a non-functional Mx 

locus in laboratory mice represent alternate possibilities. 

With an understanding of the prevalence of the disrupted Mx locus in most strains 

of laboratory mice, Mx1-congenic and MxA-transgenic mice were generated to 

investigate the antiviral activity of functional Mx proteins in vivo. Compared to 

control mice, transgenic mice expressing functional Mx1 under the control of 

ISRE (interferon signaling response element) showed reduced susceptibility 

following infection with the neurotropic IAV strain A/NWS/33 (H1N1) (Arnheiter et 
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al., 1990). More recently, BALB/c.A2G-Mx1 mice exhibited remarkable resistance 

to infection with pandemic 1918 H1N1 or HPAI H5N1 viruses, with very modest 

signs of infection observed compared to standard BALB/c mice which rapidly 

succumbed to disease (Tumpey et al., 2007). Compared to control animals, a 

transgenic mouse line with IFN-inducible expression of human MxA (hMx-tg) also 

showed reduced titres of virus in the lungs, as well as reduced morbidity and 

mortality following infection with HPAI H5N1, H7N7 and H7N9 viruses (Deeg et 

al., 2017). Interestingly, the hMx-tg mice showed only moderate resistance to 

seasonal IAV of human origin such A/PR/8/1934 (H1N1), A/WSN/1933 (H1N1) 

or A/Hong Kong/8/68 (H3N2). It is well established that circulating human IAV 

strains show reduced sensitivity to human MxA and this has been mapped to a 

‘escape signature’ associated with three amino acid substitutions (100I/V, 283P, 

and 313Y) in the viral NP (Mänz et al., 2013; Götz et al., 2016). Avian IAV are 

generally highly sensitive to restriction by human MxA and bear a distinct NP 

sequence. Consistent with this, the three amino acid substitutions, namely 

R100V, L283P, and F313Y, into the viral NP resulted in enhanced resistance 

against MxA in vitro and in hMx-tg mice (Mänz et al., 2013; Götz et al., 2016; 

Deeg et al., 2017). Importantly, avian IAV which acquire mutations in NP 

associated with the ‘escape signature’ generally show a significant loss in viral 

fitness and this has been proposed as a factor that might underly the frequent 

failure of avian viruses to emerge and spread in humans (Haller et al., 2020). 

Thus, MxA might represent an important barrier limiting zoonotic transmission of 

avian IAV in humans.  

Quite recently, MxA has also been identified to act as an inflammasome sensor 

in respiratory epithelial cells (Lee et al., 2019). MxA was reported to recognise 

the viral NP and interact with ASC to trigger ASC oligomerisation, inflammasome 

formation and IL-1β secretion. While the implications of this finding are still 

unclear it highlights that human MxA has evolved multiple and diverse strategies 

to restrict IAV infection.  
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1.1.6 Development of pan-antivirals for respiratory virus infections 

Emerging viral infections are a major global public health issue. In particular, 

some emerging and re-emerging RNA viruses (e.g. influenza viruses, 

hantaviruses, Ebola virus, Nipah virus and coronaviruses, amongst others) 

continue to represent a threat to human health. Genetic variation as a result of 

mutation (due to lack of proof-reading abilities of the viral RNA polymerase), 

recombination and reassortment, as well as environmental factors, including the 

increasing human population and urbanisation, create an increased opportunity 

for viral emergence and spread (Nichol et al., 2000). While a major focus of 

antiviral development involves targeting specific viral proteins and/or unique 

steps in the replication cycle of different viruses, these approaches tend to be 

virus specific, time consuming and are associated with the risk of selecting for 

virus variants with enhanced resistance to the antiviral compound. As discussed 

earlier, in the winter of 2007-2008, an oseltamivir-resistant seasonal H1N1 virus 

with a H274Y substitution in the viral NA emerged and rapidly spread to become 

the dominant circulating virus (Dharan et al., 2009; Meijer et al., 2009), 

highlighting the importance of monitoring currently circulating IAV for the 

emergence of NAI-resistant strains.  

A number of emerging viruses are enveloped viruses that express a class I fusion 

protein, which consists of a surface subunit (SfS) and a transmembrane subunit 

(TmS). Class I fusion proteins are conserved among viruses from the same genus 

but also among some viruses from different genera, therefore representing a 

promising target for the development of pan-antivirals (Vigant et al., 2015). Other 

antivirals such as ribavirin and favipiravir also exhibit antiviral activity against a 

diverse range of viruses. These nucleoside analogues target viral DNA or RNA 

polymerases and act to inhibit viral replication both in vivo and in vitro. Ribavirin 

inhibits RNA-dependent RNA polymerases (RdRp) from different viruses, 

including SARS-CoV-2 (Wang, Manli et al., 2020). Ribavirin is the main antiviral 

used during haemorrhagic fever with renal syndrome as a result of Hantaan virus 

infection (Mayor et al., 2021) and has also been used to treat Lassa fever virus 

(McCormick et al., 1986) and RSV infections (Fernandez et al., 1986). Favipiravir 
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acts as a substrate for the viral RdRp and can inhibit diverse RNA viruses 

including IAV and RSV (Furuta et al., 2002), Ebola virus (Oestereich et al., 2014) 

and others (Daikoku et al., 2018). Both ribavirin and favipiravir inhibit viral RNA 

synthesis during IAV infection, albeit by different mechanisms. Ribavirin causes 

GTP depletion, while favipiravir is used as an alternative nucleoside substrate by 

the viral polymerase (Vanderlinden et al., 2016). Both ribavirin and favipiravir are 

currently being assessed for their effectiveness as a treatment against SARS-

CoV-2 (clinical trial NCT04828564).  

The development of broad-spectrum antivirals for effective treatment of 

respiratory virus infections is challenging for a number of reasons. As mentioned 

above, each virus exhibits unique features which presents problems when trying 

to target a ligand or mechanism common to diverse viruses. Certain viruses, such 

as IAV, also show high rates of mutation and the potential for reassortment, which 

have created issues for the generation of effective vaccines and antivirals, due to 

selection of variants which are no longer targeted effectively. The use of the 

nucleoside analogues, especially ribavirin has been associated with significant 

side effects, such as severe anaemia, from prolonged use (Gonzalez-Casas et 

al., 2009). Clearly, there are a number of significant challenges when considering 

development of antivirals with broad activity and minimal side effects to treat 

diverse respiratory viruses. 

 

1.1.6.1 Targeting RLRs to develop pan-antivirals  

An alternative approach to generating specific antivirals that target the virus itself 

is to focus on stimulation of effective host immunity. Activation of RLRs such as 

RIG-I results in induction of an antiviral state and triggers both innate and 

adaptive immune mechanisms. To date, several pan-antivirals targeting RIG-I 

have been developed. Based on their chemical structure, RIG-I agonists can be 

classified as nucleotide-based, RNA-based or small compound-based 

compounds (Yong et al., 2018). The nucleotide-based antiviral SB9200 

possesses dual action as it can activate both RIG-I and NOD2 and daily oral 
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treatment of woodchucks chronically infected with woodchuck hepatitis virus 

(WHV), a hepadnavirus closely related to human HBV, led to significant 

reductions in viral load (Korolowicz et al., 2016). The efficacy of SB9200 in 

combination with the nucleotide analogue tenofovir (Kaneko et al., 2019) on 

patients with chronic HBV infection was recently assessed in a phase 2 clinical 

trial, however results outcomes are not currently available (NCT03434353).  

RNA-based compounds represent the largest group of RIG-I agonists with 

several already developed and tested. All are based around a structure 

incorporating 5’ tri-phosphorylated or di-phosphorylated short dsRNA as the 

ligand for RIG-I recognition. Particular RNA-based RIG-I agonists have been 

shown to inhibit IAV, HCV, VSV, vaccinia virus, DENV, HIV-1 and CHIKV in 

different cell culture models in vitro (Ranjan et al., 2010; Goulet et al., 2013; 

Olagnier et al., 2014; Chiang et al., 2015) and to display antiviral activity against 

IAV (Coch et al., 2017) and SARS-CoV-2 (Mao et al., 2021; Marx et al., 2021) in 

mouse models of infection. A number of small molecular compounds that can 

activate RLR signaling have also been identified by high-throughput screening. 

Isoflavone-like compounds or hydroxyquinolines are activators of IRF3 and have 

been reported to display antiviral activity against different RNA viruses, including 

viruses from the Orthomoyxoviridae, Flaviviridae and Paramyxoviridae families 

(Bedard et al., 2012; Pattabhi et al., 2015).  

 

1.1.7 Animal models to study IAV and RSV infections 

After assessment in an in vitro cell culture model, the use of small animal models 

is a critical step in the preclinical development of novel antiviral treatments and 

vaccines against respiratory virus infections. A diverse array of animals has been 

used to study human IAV and/or RSV infections, including mice, guinea pigs, 

hamsters, ferrets, pigs, swine and non-human primates. Mice, ferrets, pigs, and 

chickens have been the main animal models used to study human IAV infections. 

As studies described in this thesis utilise mouse and ferret models to study IAV 

and RSV infections, these are discussed in more detail below. Of the other 
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models, pigs are susceptible to experimental infection by both human and avian 

IAV due to expression of both α2,3 and α2,6 SA linkages in the trachea of these 

animals, however the size of these animals and their husbandry requirements are 

problematic for large scale studies. Chickens are especially useful to study avian 

IAV although less suitable to study human IAVs due to the lack of α2,6 SA, 

amongst other issues (Margine et al., 2014; Hemmink et al., 2018).  

For RSV, non-human primates, cotton rats, mice, and lambs have been the main 

animal models used to study infection and immunity. Apart from chimpanzees, 

these animals (including ferrets) are considered semi-permissive for human RSV 

replication and even large inoculation doses result in little or no clinical signs of 

disease (Taylor, 2017). Overall, neonatal lambs have proven especially useful as 

model for RSV infections in the young while cotton rats are preferred over inbred 

mouse strains as they tend to be much more permissive to infection (Taylor, 

2017).  

 

1.1.7.1 Mice as small animal models for IAV and RSV infections 

Mice (Mus musculus) are the most common and widely used small animal model 

for basic and translational research associated with IAV and RSV infections. 

Many important insights regarding IAV pathogenicity and immunity have been 

obtained from mouse models, largely through the use of knockout and/or 

transgenic animals. Particular advantages of working in mouse models include 

low costs for animal purchase and housing, easy handling, minimal variability 

between inbred littermates, profound knowledge of the biology of mice and the 

availability of a diverse array of mouse-specific reagents (Rodriguez et al., 2017).  

However, mouse models are also associated with a number of distinct 

disadvantages. Unlike inbred mouse strains, human are genetically diverse and 

show particular infection histories with various pathogens, therefore caution must 

be exercised with relating studies in mice to infection in humans. Moreover, mice 

are not naturally susceptible to IAV infection and human IAV must generally be 

adapted to mice by sequential lung-to-lung passage to promote efficient virus 
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replication in the airways. IAV generally do not transmit well among co-housed 

animals and while weight loss can be used to monitor disease, mice do not cough, 

sneeze or develop fever following IAV infections (Margine et al., 2014). In regard 

to RSV, BALB/c mice are the preferred mouse strain for infection (Openshaw, 

2013). Like most animal models for RSV, mice are only semi-permissive and 

large inoculation doses are required to induce infection. It is well established that 

aged mice older than 15 weeks are more susceptible to RSV infection than 

neonatal mice, which contrasts human infections where infants show greatest risk 

of severe disease following RSV infection (Openshaw, 2013). Also, while mice 

show modest but distinct weight loss upon infection, weight loss is not generally 

a feature of RSV infection in children.  

As IAV and RSV to do not transmit effectively between co-housed mice, animals 

tend to be experimentally infected under anaesthesia via the intranasal route 

using volumes of 25-50 µL, resulting in inoculation of the upper and lower 

airways. Mouse-adapted IAV strains, such as A/PR8/34 (H1N1) tend to be highly 

virulent for mice and infections are associated with high lung virus titres (Tate et 

al., 2011). For some strains, application of a small inoculum volume to the nostrils 

is associated with local replication, before viruses ‘travel’ from the URT to 

replicate in the lungs (Edenborough et al., 2016). 

 

1.1.7.2 Ferrets as small animal models for IAV and RSV infections 

Studies performed in the 1930s were the first to describe infection of ferrets with 

human IAV (Shope, 1934). Today, ferrets are widely considered to be the ‘gold 

standard’ small animal model to study the pathogenesis and transmission of 

human IAV. A number of factors highlight the utility of ferrets to study human IAV 

infections (Oh et al., 2016). First, ferrets can be infected with a wide range of 

human IAV strains without prior adaption and infected animals show similar 

clinical signs to humans, including fever, sneezing and coughing. Second, ferrets 

show a lung physiology that is quite similar to that of humans, including a similar 

distribution of SA receptors, with predominant expression of α2,6-linked SA in the 
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upper and lower airways (Jayaraman et al., 2012). Moreover, unlike inbred strains 

of mice, ferrets are genetically outbred and therefore studies in this model are 

more likely to reflect the diversity in the human population. 

Despite significant advantages compared to studying IAV infections in mice, a 

number of important drawbacks must be considered. For example, the limited 

availability of antibodies and other immunological reagents presents challenges 

for flow cytometry and immunohistochemistry approaches to accurately 

characterise immune responses to infection, although significant advances have 

been made in these areas. A range of qRT-PCR are now routinely used to assess 

mRNA induction in ferrets, including for diverse chemokines, cytokines and other 

immune effectors, including in lung tissue and cells obtained following 

bronchoalveolar lavage of infected animals (Carolan et al., 2014; Carolan et al., 

2015; Chan et al., 2017). There are now also a number of ELISpot assays 

(Carolan et al., 2015; DiPiazza et al., 2018) as well as antibodies either specific 

for ferret proteins or raised to proteins from other species but with validated cross-

reactivity for ferrets that have been described (Wong et al., 2019). 

Ferrets have been used to study infections caused by different subtypes of 

human IAV (both seasonal and pandemic), a range of HPAI and low pathogenicity 

avian influenza (LPAI) and human IBV (Belser et al., 2020). In addition to their 

utility in studying influenza infections, ferrets have also been shown to support 

infection and replication of other respiratory viruses namely human RSV (Coates 

et al., 1962; Carolan et al., 2015; Stittelaar et al., 2016) and human 

metapneumovirus (MacPhail et al., 2004). In terms of RSV, intranasal infection 

of ferrets resulted in virus replication in the upper and lower airways, as well as 

induction of a range of chemokines and cytokines in the airways (Chan et al., 

2017). In this study, RSV A2 and Long strains also showed some evidence of 

transmission from infected donors to naïve recipient animals. 

Ferrets can be experimentally infected with IAV or other respiratory viruses via 

intranasal and intratracheal inoculation, with the latter delivering the virus 

inoculum directly to the lower airways. In addition, transmission to naïve models 

has been well studied using a number of different approaches. For example, in 
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direct contact transmission a serological naïve ferret is co-housed with an 

experimentally infected animal, leading to transmission of virus from the infected 

to the uninfected animal. In some ways, this model simulates a ‘natural’ contact 

infection, however the exact time of infection and the inoculum dose received by 

the naïve recipient will vary between animals. In contrast, experimental infections 

allow both the timing and the inoculation dose and volume to be defined. Aerosol 

transmission is also becoming increasing common to study IAV infections in 

ferrets. For aerosol transmission, an experimentally infected donor is housed in 

a cage next to another cage containing a naïve ferret. In this instance, the cages 

are separated by a mesh to prevent direct contact between the animals but do 

allow droplet transmission between cages (Belser et al., 2011; Belser et al., 

2020). 
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1.2 Aims of this thesis 

Activation of RIG-I receptors via synthetic RIG-I agonists represents a promising 

prophylactic and therapeutic strategy for the treatment of respiratory virus 

infections. Previous studies from our group and by others have used synthetic 

RIG-I agonists for prophylactic or therapeutic treatments against a number of 

different viruses, including IAV. While most studies have described the antiviral 

activities of RIG-I agonists using in vitro approaches, a number have described 

their ability to limit virus infection in vivo using mouse models of infection. Of 

particular interest, Prof. Gunther Hartmann and Dr. Christoph Coch demonstrated 

that intravenous treatment of mice expressing a functional Mx1 with RIG-I agonist 

led to potent protection against lethal IAV infection (Coch et al., 2017). In fact, 

after prophylactic treatment, mice showed no clinical signs of disease following 

subsequent challenge with IAV. The prophylactic effect was also long-lasting, as 

treatment with RIG-I agonist 7 days prior to IAV challenge was still sufficient to 

prevent morbidity and mortality. Besides its prophylactic effectiveness, the RIG-I 

agonist was also effective when used therapeutically to treat mice already 

infected with IAV.  

Studies described in this thesis build upon these observations using in vitro 

approaches to investigate the effectiveness of RIG-I agonists against IAV and 

RSV infections using airway cell lines derived from mice, ferrets and humans. 

Moreover, we also investigate the effectiveness of RIG-I agonist treatment in 

protecting mice from subsequent challenge with either IAV or RSV, with a focus 

on understanding the importance of mouse Mx1 for potent and long-lasting 

RIG-I-mediated protection against IAV. Finally, we investigate the utility of RIG-I 

agonists as antivirals against IAV and RSV using ferret models of infection. 

Overall, this thesis aims to define the effectiveness of synthetic RIG-I agonists 

against IAV and RSV infections in different mammalian species. The specific 

aims of this thesis are: 

1. To evaluate the function of RIG-I agonists using different in vitro and in 

vivo models of IAV infection. 
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2. To determine if RIG-I agonists inhibit RSV replication in human, mouse 

and ferret cells, as well as in mice and ferrets infected with RSV. 

3. To characterise ferret Mx proteins and to assess their contribution to RIG-I 

agonist-induced protection against IAV and RSV. 
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2 Chapter: Materials and Methods  
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2.1 Cell lines  

Human lung epithelial (A549) cells (American Type Culture Collection (ATCC) 

CCL-185), human epithelial type 2 (HEp-2) cells (ATCC CCL-23), ferret lung cells 

(FRL, a kind gift from Dr Tuck-Weng Kok, The University of Adelaide, Adelaide, 

Australia), (HEK)293T (ATCC CRL-3216) and (HEK)293FT (Thermo Fisher 

Scientific) cells were maintained and passaged in DMEM (Gibco) containing 

10 % (vol/vol) fetal calf serum (FCS) (Sigma-Aldrich) and supplemented with 

2 mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 100 U/mL penicillin 

and 100 μg/mL of streptomycin (Gibco). Mouse lung epithelial (LA-4) cells (ATCC 

CCL-196) were cultured in Ham's F-12K (Kaighn's)-Medium (Gibco), 

supplemented with 10 % (vol/vol) FCS and additives as described above. Madin-

Darby canine kidney (MDCK) cells (ATCC CCL-34) were maintained and 

passaged in RPMI 1640 medium (Gibco) supplemented with 10 % (vol/vol) FCS, 

2 mM L-glutamine, 100 Units/mL of penicillin, 100 μg/mL of streptomycin and 

1 mM sodium pyruvate.  

All cells were cultured at 37°C under humidified conditions with 5 % (vol/vol) CO2. 

For culturing and seeding, cells were detached by incubation with 0.05 % trypsin 

EDTA (ethylenediamine tetraacetic acid, Gibco) at 37°C followed by 

resuspension in growth media containing 10 % FCS to inactivate the enzyme. All 

cell lines were routinely tested for mycoplasma using the MycoAlert mycoplasma 

detection kit (Lonza).  

 

2.2 Viruses 

2.2.1 Influenza A viruses (IAV) 

 

Influenza A virus (IAV) strains used in this study were A/Perth/265/2009 

(H1N1pdm09), A/Puerto Rico/8/1934 (PR8, H1N1), NS1-deficient PR8 (PR8 

ΔNS1) and A/HKx31 (HKx31, H3N2), a high-yielding reassortant of A/Aichi/2/68 
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(H3N2) with PR8 bearing the H3N2 surface glycoproteins. PR8 ΔNS1 was 

obtained from Dr. Anja Wieland, University of Bonn, Bonn, Germany and the 

remaining viruses were obtained from the Department of Microbiology and 

Immunology, The University of Melbourne (DMI UoM), Melbourne, Australia or 

from the WHO Collaborating Centre for Reference and Research on Influenza 

(WHO CCRRI), Melbourne, Australia). Viruses were generally propagated in the 

allantoic cavity of 10-day embryonated chicken eggs following standard 

procedures (Brauer et al., 2015) and titres of infectious virus were determined on 

MDCK cells by standard plaque assay and expressed as plaque-forming units 

(PFU) per mL (Xue, J. et al., 2016). However, stocks of A/Perth/265/2009 

(H1N1pdm09) were propagated in MDCK cells following standard procedures 

(Szretter et al., 2006) and virus titres determined on MDCK cells by 50 % tissue 

culture infectious dose (TCID50) assay and expressed as TCID50/mL (Mifsud et 

al., 2020).  

 

2.2.2 Respiratory syncytial viruses (RSV) 

RSV strains used for this study were RSV A2 from DMI UoM and RSV Long (VR-

26, purchased from ATCC and obtained from the WHO CCRRI). Stocks of 

rHRSV-Luc expressing Firefly luciferase or rHRSV-Cherry expressing mCherry 

(both recombinant viruses derived from RSV Long) were obtained from Prof. 

Jean-François Eléouët (Unité de Virologie et Immunologie Moleculaires (UR892), 

INRA, Jouy-en-Josas F78352, France). To generate RSV stocks, HEp-2 cells 

cultured to 90 % confluence were inoculated with RSV Long, RSV A2, rHRSV-Luc 

or rHRSV-Cherry at a multiplicity of infection (MOI) of 0.05 in serum-free media 

for 2 hrs, then cultured at 37°C in DMEM containing 2 % (vol/vol) FCS and 

supplemented with 2 mM L-glutamine, 1mM sodium pyruvate, 100 Units/mL of 

penicillin and 100 μg/mL of streptomycin until syncytium formation was observed 

in >50 % of cells, generally at days 3-5 post-inoculation. Flasks were then 

snap-frozen at -80°C, thawed rapidly at 37°C, and then cells and supernatant 

were collected and vortexed for 3 min. After pelleting cell debris (2000 x g for 
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3 min), clarified supernatants were snap-frozen in a bath of dry ice with 80 % 

(vol/vol) ethanol in water and aliquots were stored at -80°C. Titres of infectious 

virus were quantified on HEp-2 cells by standard plaque assay or by Virospot 

(VS) assay as described (Chan et al., 2017).  

2.3 Primers  

Table 2.1: Primers used for quantitative RT-PCR 

name sequence (5’ to 3’) species 
muRIG-I (F) GAG AGT CAC GGG ACC CAC T mouse 

muRIG-I (R) CGG TCT TAG CAT CTC CAA CG mouse 

muISG15 (F) GGAACGAAAGGGGCCACAGCA mouse 

muISG15 (R) CCTCCATGGGCCTTCCCTCG mouse 

muIFIT1 (F) CTGAGATGTCACTTCACATGGAA mouse 

muIFTI1 (R) GTGCATCCCCAATGGGTTCT mouse 

muMx1 (F) TGTACCCCAGCAAAACATCA mouse 

muMx1 (R) TTGGAAGCGCTAAAGTGGAA mouse 

muGAPDH (F) CCAGGTTGTCTCCTGCGACTT mouse 

muGAPDH (R) CCTGTTGCTGTAGCCGTATTCA mouse 

huIFITM1 (F) AGCATTCGCCTACTCCGTGAAG human 

huIFITM1 (R) CACAGAGCCGAATACCAGTAACAG human 

huGAPDH (F)  TGAAGGTCGGAGTCAACGG human 

huGAPDH (R)  GGCAACAATATCCACTTTACCAGAG human 

feCCL5 (F) GCTGCTTTGCCTACATTTCC ferret 

feCCL5 (R) CCCATTTCTTCTGTGGGTTG ferret 

feGAPDH (F) AACATCATCCCTGCTTCCACTGGT ferret 

feGAPDH (R) TGTTGAAGTCGCAGGAGACAACCT ferret 

feMx1_1 (F) GGGCTCTAATATTCCCTGTGGT ferret 

feMx1_1 (R) CGCACCTTCTCCTCATAGTGG ferret 

feMx1_2 (F) ATCCAGACATGGAGCCTGAG ferret 

feMx1_2 (R)  AGGGAGTCGATGAGGTCGAT ferret 
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feMx2 (F) AAGTGGCTCAGAACCTCACG ferret 

feMx2 (R) GTCAGTCTTTCCGCCAGACA ferret 

 

 

Table 2.2: Oligonucleotides used for generation of pLKO.1 plasmids 

name sequence (5’ to 3’) species  
shRNA 

muRIG-I 1 (F) 

CCGGCAAGCATTCAGAGACTATATCCTCGA

GGATATAGTCTCTGAATGCTTGTTTTTG 

mouse 

shRNA 

muRIG-I 1 (R) 

AATTCAAAAACAAGCATTCAGAGACTATATC

CTCGAGGATATAGTCTCTGAATGCTTG 

mouse 

shRNA 

muRIG-I 2 (F) 

CCGGCGGACTTCGAACACGTTTAAACTCGA

GTTTAAACGTGTTCGAAGTCCGTTTTTG 

mouse 

shRNA 

muRIG-I 2 (R) 

AATTCAAAAACGGACTTCGAACACGTTTAAA

CTCGAGTTTAAACGTGTTCGAAGTCCG 

mouse 

shRNA  

feRIG-I 1 (F) 

CCGGAGCGTTTACAACCAGAATTTACTCGA

GTAAATTCTGGTTGTAAACGCTTTTTTG 

ferret 

shRNA  

feRIG-I 1 (R) 

AATTCAAAAAAGCGTTTACAACCAGAATTTA

CTCGAGTAAATTCTGGTTGTAAACGCT 

ferret 

shRNA  

feRIG-I 2 (F) 

CCGGATCCATATTCTCCGATTATTTCTCGAG

AAATAATCGGAGAATATGGATTTTTTG 

ferret 

shRNA  

feRIG-I 2 (R) 

AATTCAAAAAATCCATATTCTCCGATTATTTC

TCGAGAAATAATCGGAGAATATGGAT 

ferret 

 

Table 2.3: General primers used for sequencing 

name sequence (5’ to 3’) function 
pTRE-tight seq GTCGCCCTTATTCGACTCTA sequencing pTRE-

tight (forward) 

M13 seq  ACTGGCCGTCGTTTTACA sequencing pTRE-

tight (reverse) 
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FgH1tUTG seq  CAGACATACAAACTAAAGAAT sequencing 

pFUV1mCherry 

(forward) 

Ubiquitin-P 

seq 

CGCCCTTCGTCTGACGTGGCA sequencing 

pFUV1mCherry 

(reverse) 

GB (F) AGGCGATTAAGTTGGGTAAC generic geneblock 

primer (forward) 

GB (R) CGTATGTTGTGTGGAATTGTGAG generic geneblock 

primer (reverse) 

U6 (F) CAAGGCTGTTAGAGAGATAAT 

TGGA 

sequencing pLKO.1 

Mx1 FRL (F) GACTTGCCGATAAGGCAGAGA amplification Mx1 in 

FRL 

Mx1 FRL 700 

(R) 

CAGACCAAGCAGCTCATCAG amplification and 

sequencing Mx1 in 

FRL 

 

2.4 Antibodies 

Table 2.4: Antibodies to detect virus-infected cells by flow cytometry 

Antibody Conjugate Clone Company 
Anti-IAV NP  FITC D67J Abcam 

Anti-RSV NP  FITC 130-12H Merck 

Anti-RSV F  -  133-1H Merck 

Goat anti-mouse 

IgG  

FITC -  Sigma-Aldrich 
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Table 2.5: Antibodies used to detect immune cell populations by flow cytometry 

Antibody Conjugate Clone Company 
Anti-CD3  PerCP-Cy5.5 145-2C11 BioLegend 
Anti-CD4 AF700 GK1.5 BioLegend 
Anti-CD8 PE-Cy7 53-6.7 BioLegend 
Anti-CD45.2 Pacific blue 104 BioLegend 
Anti-Ly6G PE 1A8 BD Pharmingen 
Anti-CD11b BV605 M1/70 BioLegend 
Anti-CD11c BV785 N418 BioLegend 
Anti-Siglec-F PE CF594 E50-2440 BD Horizon 

Anti-MHC-II AF700 M5/114.15.2 BioLegend 

Anti-CD24  PE-Cy7 M1/69 BioLegend 

Anti-CD64 APC X54-5/7.1 BioLegend 

Anti-NK1.1 BV605 PK136 BioLegend 

Anti-CD16/CD32 - 93 BioLegend 

2.5 Infection assays 

2.5.1 Detection of virus-infected cells in vitro by flow cytometry  

Mammalian cells were infected with IAV or RSV following established protocols 

(Boukhvalova et al., 2010; Meischel et al., 2021). Briefly, cells were seeded one 

day prior to infection to allow for 70-80 % confluency following overnight culture. 

Cells counts were performed immediately prior to infection and used to determine 

the appropriate MOI, which was then added to the cells in serum-free medium for 

1 hr at 37°C. After removal of virus inoculum, cells were washed twice and 

incubated in serum-free media for different amounts of time, as indicated in 

particular experiments. Following incubation, cells were detached by 

trypsinisation and stained with the fixable viability dye eFluor780 (eBioscience). 

For detection of RSV-infected cells, a number of different staining methods were 

applied before subsequent analysis by flow cytometry. For cells of murine origin 

(LA-4 cells or primary murine fibroblasts), cells were fixed in 4 % (vol/vol) 
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paraformaldehyde (PFA) in water, permeabilised with 0.5 % (vol/vol) 

Triton-X 100(Sigma-Aldrich) in phosphate-buffered saline (PBS) and stained in 

PBS containing 0.25 % (vol/vol) Triton-X 100, 1 % FCS and 1mM EDTA using a 

fluorescein isothiocyanate (FITC)-conjugated monoclonal antibody (mAb) 

specific for RSV NP (130-12H, Merck). Other mammalian cells were stained with 

mAb specific for RSV F protein (133-1H, Merck), followed by staining with FITC-

conjugated goat anti-mouse IgG (AP127F, Merck) and fixation in 4 % (vol/vol) 

PFA in water. Following infection with rHRSV-Cherry, cells were fixed in 2 % 

(vol/vol) PFA without further staining. IAV-infected cells were detected by fixation 

of cells in 4 % (vol/vol) PFA in water, followed by permeabilisation in 0.5 % 

(vol/vol) Triton-X 100 in PBS and staining with a FITC-conjugated mAb specific 

for IAV nucleoprotein (D67J, Thermo Fisher Scientific) diluted in PBS containing 

0.25 % (vol/vol) Triton-X 100, 1 % (vol/vol) FCS and 1mM EDTA. Data 

acquisitions were performed on BD LSR Fortessa, BD Canto II (both BD 

Bioscience) or Attune NxT (Thermo Fisher Scientific) flow cytometers.  

 

2.5.2 In vitro virus release assays 

Virus amplification and release was determined following in vitro infection of 

mammalian cells with IAV or RSV. Cells counts were performed immediately prior 

to infection. Cells monolayers were then inoculated with a low MOI of virus (as 

described above) for 1 hr at 37°C, washed twice and cultured at 37°C in serum-

free media. For IAV, cells were incubated in the presence of 0.5 μg/mL TPCK-

treated trypsin (Worthington Biochemical) to facilitate cleavage of viral HA0 and 

therefore multiple cycles of virus replication however this was not required for 

growth of RSV. Supernatants from IAV-infected cells were harvested at the 

indicated time points, clarified by centrifugation (2000 x g for 3 min) and stored at 

-80°C prior to titration by plaque assay or VS assay, as described below. For 

RSV, whole tissue culture plates were snap-frozen in a bath of dry ice and 

80 % (vol/vol) ethanol in water and stored at -80°C. Plates were then thawed 

rapidly, cells and supernatants were collected, vortexed for 3 min and cell debris 
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was pelleted by centrifugation (2000 x g, 3 min). Virus titres in clarified 

supernatants were determined by plaque assay or VS assay, as described below.  

 

2.5.3 Virospot assays for IAV and RSV 

Titres of infectious IAV or RSV were determined by VS assay on MDCK or HEp2 

cells, respectively (Chan et al., 2017; van Baalen et al., 2017). Briefly, cells were 

seeded into 96-well tissue culture plates and cultured overnight. Cells were 

washed in serum-free media and incubated with 10-fold dilutions of clarified 

samples prepared in serum-free media. After 1-2 hr at 37oC, cell monolayers 

were overlayed with 100 µL of overlay media (equal volumes of 6.4 % (wt/vol) 

carboxymethylcellulose sodium salt (CMC)(Sigma-Aldrich) and 2x MEM media 

(Sigma-Aldrich)). To allow multiple cycles of IAV replication, the overlay for IAV 

samples were supplemented with 4 µg/mL TPCK-treated trypsin. IAV- or RSV-

infected cells were incubated at 37oC for 24 hrs or 48 hrs, respectively, before 

the overlay was removed and cell monolayers were fixed at 4oC in cold 80 % 

(vol/vol) acetone in water. For staining, plates were incubated with 200 µL/well 

blocking solution (5 % (wt/vol) skim milk in PBS containing 0.05 % (vol/vol) Tween 

20 (Sigma-Aldrich)) for >30 min and washed in PBS containing 0.05 % (vol/vol) 

Tween 20. IAV-infected cells were detected using mAb MP3.10g2.1C7 which is 

specific for the NP of IAV (provided by WHO CCRRI) followed by staining with 

rabbit anti-mouse IgG conjugated to horseradish peroxidase (Agilent Dako). 

RSV-infected cells were detected using a chimeric monoclonal antibody based 

on the heavy and light chain variable regions of motavizumab (provided by 

WHO CCRRI), followed by staining with goat anti-human IgG (H+L) horseradish 

peroxidase (Merck Millipore). For colour development and visualisation of virus-

infected cells, plates were incubated for 10 min with KPL TrueBlue Peroxidase 

substrate (SeraCare Life sciences). The reaction was stopped by the addition of 

water, before plates were washed in water, air dried and then scanned using a 

CTL-Immunospot S6 Macro analyzer with CTL Switchboard 2.6.0 (x86). Spots 
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(10-150/well) were counted manually using ImageJ Cell Counter software. Titres 

of infectious virus were expressed as VS/mL of original sample.  

 

2.5.4 Plaque assay for IAV 

Titres of infectious IAV were determined by standard plaque assay on MDCK 

cells as described (Xue, Jia et al., 2016). Briefly, MDCK cells seeded into 6-well 

tissue cultures plates were cultured overnight, washed and inoculated with 

10-fold dilutions of clarified samples prepared in serum-free media. After 

incubation for 45 min at 37oC, cells monolayers were overlayed with 3 mL of equal 

volumes of 1.8 % (wt/vol) type I low EEO agarose (Sigma-Aldrich) and 2x L15 

media (Sigma-Aldrich), supplemented with 0.056 % (wt/vol) NaHCO3 (Sigma-

Aldrich), 100 Units/mL of penicillin, 100 μg/mL streptomycin and 2 µg/mL TPCK-

treated trypsin. Cells were incubated for 3-4 days at 37oC. Plaques were counted 

and used to determine infectious virus titres, expressed as PFU/mL of original 

sample. 

 

2.5.5 TCID50 assay for IAV  

Titres of infectious IAV in nasal wash and respiratory tissues samples from ferrets 

were determined by standard TCID50 assay on MDCKs as described (Oh et al., 

2015). Briefly, 96-well plates containing confluent monolayers of MDCK cells 

were prepared and inoculated with 10-fold dilutions of triplicate samples diluted 

in serum-free media, supplemented with 4 µg/mL of TPCK-treated trypsin. After 

2 hrs at 37oC, the inoculum was removed and cell monolayers were washed in 

PBS and then cultured in serum-free media supplemented with 4 µg/mL of 

TPCK-treated trypsin. Cells were incubated for 4 days at 37oC until morphological 

changes of cell monolayer and cytopathic effects were confirmed. To determine 

TCID50 titres, 25 μL of cell supernatant were removed and incubated for 30 min 

at room temperature (RT) with 25 μL of 1 % turkey red blood cells in 

96-well-U-bottom plates to identify wells containing hemagglutination activity. 
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Titres of TCID50 were calculated using the method of Reed and Muench (Reed et 

al., 1938) and titres are expressed as TCID50/mL of original sample. 

 

2.5.6 Plaque assay for RSV 

Titres of infectious RSV were determined by standard plaque assay on HEp-2 

cells as described (Chan et al., 2017). Briefly, HEp-2 cells seeded into 12-well 

tissue cultures plates were cultured overnight, washed and inoculated with 

10-fold dilutions of clarified samples prepared in serum-free media. After 

incubation for 2 hrs at 37°C, inoculum was removed and cell monolayers were 

overlayed with 3 mL of DMEM plus additives, supplemented with 0.3 % (wt/vol) 

agarose (Sigma-Aldrich) and 2 % (vol/vol) FCS and then incubated for a further 

7 days at 37°C. After incubation, cell monolayers were fixed in 1 % (vol/vol) 

formalin (Sigma-Aldrich) in water and stained with 0.05 % (wt/vol) neutral red 

(Sigma-Aldrich) in water. Plaques were counted and used to calculate infectious 

virus titres, expressed as PFU/mL of original sample. 

 

2.6 3’-RNA Sequencing 

FRL cells were transfected with 3pRNA, ctrl RNA or treated with recombinant 

ferret IFN-α as described (section 2.8.1). RNA was isolated at indicated time 

points, prepared with a QuantSeq 3´-mRNA Library Prep Kit (Lexogen) and 

sequenced on a NovaSeq 6000 (Illumina). Reads were trimmed and STAR 

aligned to an available ferret genome (GenBank: AEYP00000000.1).  
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2.7 Molecular cloning 

To study the function of particular proteins, especially their role during RIG-I 

agonist-mediated protection, several cell lines with loss or overexpression of 

particular proteins were generated during this thesis. Figure 2.1 gives an 

overview of different experimental approaches used to generate cell lines 

expressing Mx proteins or cell lines with knockdown of RIG-I.  

 

2.7.1 Generation of Mx overexpressing cells 

2.7.1.1 Cloning of ferret Mx1.1, ferret Mx1.2, ferret Mx2, human MxA for 
doxycycline-inducible overexpression systems 

Genes encoding ferret Mx1.1, ferret Mx1.2, ferret Mx2 and human MxA were 

cloned into TRE-tight and pFUV1mCherry plasmids for generation of lentiviral 

vectors and the generation of stable cell lines with doxycycline (DOX)-inducible 

expression.  

Coding sequences of ferret Mx (Mx1 splice variant 1 (feMx1.1), Mx1 splice variant 

2 (feMx1.2) and feMx2) and human MxA (huMxA) proteins were obtained from 

NCBI databases. Geneblocks containing the coding sequences of feMx1.1, 

feMx1.2, feMx2 and huMxA were synthesised (GeneArt Gene Synthesis, Thermo 

Fisher Scientific) and designed to express a N-terminal FLAG tag sequence and 

N- and C-terminal restriction sites for BamHI/EcoRI, as well as generic geneblock 

amplification sequences. Geneblocks of the individual Mx proteins were amplified 

using the High-fidelity DNA polymerase (New England Biolabs, NEB) according 

to manufacturer’s instructions. Amplified geneblocks were digested with BamHI 

and EcoRI (NEB) and ligated into BamHI and EcoRI-digested pTRE-tight 

plasmids using the T4 DNA ligase (Promega), following manufacturer’s 

instructions. Positive clones were confirmed by sequencing (AGRF, Peter 

MacCallum Cancer Center, Melbourne, Australia). pTRE-tight is a response 

plasmid for the tetracyclin-regulated expression of genes of interest (Tet-On 

system) containing a Tet response element with seven direct repeats of the tet 
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operator sequence (tetO). This allows DOX-inducible expression of Mx proteins. 

In the next step, the TRE response element and genes of interest were released 

from the pTRE-tight plasmid by digestion with PacI enzyme (NEB) followed by 

gel purification (Wizard SV Clean-Up System, Promega) and ligated into the PacI 

enzyme-digested pFUV1mCherry lentivirus transfer plasmid using the T4 DNA 

ligase. pFUV1mCherry plasmids constitutively express mCherry under an 

ubiquitin promotor which allows for enrichment of transduced cells by cell sorting 

for mCherry-positive cells. Sequencing was used to confirm expression of genes 

of interest in the relevant plasmids (AGRF). Note that pTRE-tight and 

pFUV1mCherry plasmids were a kind gift from Prof. Marco Herold (Walter and 

Eliza Hall Institute of Medical Research, Melbourne, Australia). 

 

2.7.1.2 Generation of stable cell lines with DOX-inducible overexpression of Mx 
proteins 

To generate stable cell lines with DOX-inducible overexpression of FLAG-tagged 

Mx proteins, cell lines were transduced with different lentivirus stocks, followed 

by cell sorting to enrich for transduced mCherry-positive cells. 

For the generation of lentiviral particles, 293T cells were seeded into 12-well 

tissue culture plates and incubated overnight to reach 80 % confluency. Cells 

were transiently transfected using Lipofectamine 2000 (Thermo Fisher Scientific) 

and pMDL, pRSV-REV, pMD2.G and a pFUV1mCherry plasmid at a ratio of 

2:1:1.2:4 for a total of 1 µg plasmid per transfection reaction. The lentiviral 

packaging plasmids pMDL, pRSV-REV, pMD2.G were also a kind gift from Prof. 

Marco Herold (Walter and Eliza Hall Institute of Medical Research, Melbourne, 

Australia). At 6-8 hrs after transfection, media was changed to DMEM with 10 % 

(vol/vol) FCS and supplements. Cell supernatants containing lentiviral particles 

were then harvested 48 hrs post transfection and filtered through a 0.22 μm filter 

to remove residual cell debris. Filtered lentiviral particles were supplemented with 

8 µg/mL polybrene (Sigma-Aldrich) to enhance transduction efficiency. For 

transduction, FRL and A549 cells were seeded one day prior into 6-well tissue 

culture plates to achieve 70-80 % confluency after overnight incubation. Cells 
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were transduced by spinoculation at 1800 rpm for 1 hr at 32°C and incubated 

overnight at 37°C. At 24 hrs post-transduction, virus inoculum was removed and 

replenished with media containing 10 % (vol/vol) FCS and supplements. After an 

additional 48 hrs, cells were stained with fixable viability dye eFluor 780, filtered 

through a falcon tube with a 35 μm cell strainer cap (BD Bioscience) and sorted 

for viable mCherry-positive cells. Sorting was performed using a BD FACSAria III 

Cell Sorter (BD Biosciences). Enriched mCherry-positive cells were cultured and 

expanded in media containing 10 % (vol/vol) FCS and supplements at 37°C in 

5 % (vol/vol) CO2.  

After enrichment for mCherry-positive cells, intracellular expression of FLAG-

tagged proteins was then determined. For this, cells were detached, stained with 

fixable viability dye eFluor 780 for 15 min on ice, washed in FACS buffer (PBS 

supplemented with 1 % (vol/vol) FCS and 1 mM EDTA) and fixed in 2 % (vol/vol) 

PFA in water. Cells were then permeabilised in PBS containing 0.5 % (vol/vol) 

Triton X-100 for 10 min at RT and stained with anti-FLAG-allophycocyanin (APC) 

mAb (Clone L5, Biolegend) in permeabilisation buffer (PBS supplemented with 

2 % (vol/vol) FCS, 0.25 % (vol/vol) Triton X-100 and 1 mM EDTA). Viable FLAG-

positive cells were detected by flow cytometry using a BD Canto II (BD 

Bioscience). A similar strategy was used to generate cell lines with DOX-inducible 

expression of a cytoplasmic version of hen egg ovalbumin (cOVA) lacking the 

sequence for cell-surface trafficking (Boyle et al., 1997) and the N-terminal FLAG 

tag, to generate cell lines expressing an irrelevant control protein. 

 

2.7.1.3 DOX-induction of stably transduced cell lines 

For the induction of the TET-inducible expression system, cells were seeded in 

24-well plates and cultured overnight. The next day, media was supplemented 

with 1 μg/mL of DOX (Sigma- Aldrich) and cells were incubated for an additional 

24 hrs at 37°C.  
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2.7.2 Cloning of ferret and mouse RIG-I into shRNA pLKO.1 plasmids for 

generation of RIG-I knockdown cells  

2.7.2.1 Generation of pLKO.1 plasmids 

A shRNA-mediated gene silencing method was used to generate RIG-I-deficient 

LA-4 and FRL cells. While CRISPR/Cas-9-mediated gene editing techniques 

result in knockout of the gene of interest, RNAi-mediated knockdowns can 

markedly reduce, but not abolish, expression of the target gene. However, 

CRISPR/Cas9-mediated knockouts are only functional if all alleles in target cells 

are mutated. Due to the unstable karyotype of LA-4 cells, ranging from 38 to 256 

chromosomes (ATCC, 2021), it was not possible to generate LA-4 cell knockouts. 

The Genetic Perturbation Platform (GPP) was used to identify optimal 21-mer 

target sites for murine and ferret RIG-I transcripts. While the transcript of murine 

RIG-I (Gene ID 230073) was listed in the GPP Web Portal database 

(Broad Institute, 2021), the GPP design tool was used to create shRNA 

sequences targeting ferret RIG-I. Forward oligonucleotides (5’ CCGG—21bp 

sense—CTCGAG—21bp antisense—TTTTTG 3’) and reverse oligonucleotides 

(5’ AATTCAAAAA—21bp sense—CTCGAG—21bp antisense 3’) were 

generated following the GPP Web Portal guidelines.  

Forward and reverse oligonucleotides were diluted in NEBuffer 2 (NEB) to a final 

concentration of 2 µM. To allow annealing of the oligonucleotides, samples were 

incubated for 4 min at 95°C, followed by slow cooling to RT. The pLKO.1-TRC 

cloning vector was digested with EcoRI and AgeI (both NEB), followed by 

agarose gel purification (Moffat et al., 2006). Annealed oligonucleotides were 

ligated into digested pLKO.1 TRC-cloning vector using NEB T4 DNA ligase 

following the manufacturer’s protocol. The ligation was used for bacterial 

transformation into chemocompetent Escherichia coli (E. coli) Stbl3 cells. 

Bacteria were grown on Luria-Bertani (LB) agar plates (100 μg/mL ampicillin), 

colonies were isolated and sequences confirmed by Sanger Sequencing 

(Microsynth, Göttingen, Germany). A non-hairpin control plasmid (pLKO.1 ctrl 1) 
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was included in the assays. These plasmids were used to generate lentiviral 

particles for transduction of the relevant mammalian cells. 

 

2.7.2.2 Generation of lentiviral particles by calcium-phosphate precipitation  

293FT cells were seeded in 10 cm tissue culture plates to reach 70 % confluency 

6 hrs prior to transfection. The VSV-G envelope expressing pMD2.G plasmid, the 

psPAX2 packaging plasmid and the pLKO.1 plasmids with inserts of interest 

(each 15 µg, 10 µg and 10 µg, respectively) were diluted in 500 µL of water and 

vortexed. Next, 500 µL of 2x HEPES Buffered Saline (HBS) at pH 7.1 was added, 

followed by dropwise addition of 50 µL of calcium chloride (CaCl2 at 2.5 M) with 

constant, gentle vortexing and incubated for 20 min at RT to allow the generation 

of calcium-phosphate-DNA co-precipitates. 293FT media was replenished and 

the calcium-phosphate solution was added dropwise onto the cells. After 12 hrs 

incubation at 37°C, cells were washed in PBS and cultured in fresh media. After 

an additional 24-30 hrs, lentivirus particles were harvested, filtered through a 

0.22 µm filter, supplemented with polybrene (8 µg/mL) and inoculated onto LA-4 

or FRL cells at 70-80 % confluency by spin transduction (800 x g for 60 min at 

32°C). After 24-36 hrs in culture, media was replaced and then, 3 days after 

spinoculation, was replaced again but with media supplemented with puromycin 

(InvivoGen) at 2 µg/mL for FRL cells and 5 µg/mL for LA-4 cells to allow for 

selection of lentivirus-transduced cells. Fresh media supplemented with 

puromycin was added every 3 days until all untransduced control cells were dead.  
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Figure 2.1: Overview of cell lines generated.A) Cells with DOX-inducible 
overexpression of Mx protein of interest were generated by preparation of 
lentiviruses in 293T cells, transduction of target cells and enrichment of mCherry+ 
cells. B) shRNA-mediated RIG-I knockdown cells were generated by preparation 
of lentiviruses in 293FT cells, followed by selection in the presence of puromycin. 
C) Cells with constitutive expression of Mx proteins were generated by 
electroporation of target cells and selection in the presence of hygromycin B, 
followed by cell sorting to enrich for mCherry+ cells. Figure generated in 
BioRender.  
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2.7.3 Generation of stable FRL cell lines with constitutive expression of Mx 

proteins 

Genes encoding ferret Mx1.1, ferret Mx1.2, ferret Mx2, human MxA, human MxB, 

mouse Mx1 or mouse Mx2 containing a N-terminal FLAG tag (peptide sequence 

DYKDDDK) were cloned into pcDNA3.1-mCherry expression plasmids which 

were generated and kindly provided by Ms Clare Oates and Dr. Rubaiyea 

Farrukee (both DMI UoM). cOVA lacking a N-terminal FLAG tag was also cloned 

into the same vector to generate a cell line expressing an irrelevant cytoplasmic 

protein. FRL cells were then electroporated with these plasmids using the Neon 

transfection system (Thermo Fisher Scientific) with 2 pulses of 1230 volt for 

30 milliseconds (ms). Cells were cultured at 37°C for 2 days, then media was 

replaced with fresh media supplemented with 100 µg/mL hygromycin B 

(InvivoGen). Fresh media supplemented with hygromycin B was added every 3 

days until all unelectroporated control cells were dead. Following hygromycin B 

selection, mCherry-positive FRL cells were enriched using a BD Aria III cell 

sorter. Cells were then expanded and cell-sorting was repeated to further enrich 

the mCherry-positive population. In addition to generating FRL cells with stable 

constitutive Mx protein expression, similar approaches were applied to generate 

lines of 293T cells expressing ferret Mx1.1, ferret Mx1.2, ferret Mx2, human MxA, 

human MxB, mouse Mx1 and mouse Mx2, as well as a cOVA control cell line 

(generated by Dr. Rubaiyea Farrukee (DMI UoM) and Mr James Barnes (WHO 

CCRRI)).  

 

2.7.4 Bacterial transformation 

At various steps in the cloning process, ligation reactions or plasmids were used 

to transform competent DH5-α or Stbl3 E.coli. For each transformation, 50 μL 

competent cells were incubated with 1-2.5 μL of plasmid or ligation product and 

incubated for 30 min on ice followed by a heat shock at 42°C for 90 sec. Cells 

were then incubated an additional 3 min on ice, before 950 μL of LB broth was 

added followed by incubation at 37°C with shaking (180 rpm) for 1 hr. Cells were 
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plated on LB agar plates containing appropriate antibiotic (100 μg/mL of ampicillin 

for pTRE-tight, pFUVmCherry or pLKO.1 plasmids) and incubated overnight at 

37°C. Single colonies were then isolated, inoculated into 2-10 mL LB media 

containing antibiotic and cultivated at 37°C with shaking (180 rpm) overnight. 

Plasmid DNA was isolated using the AccuPrep Plasmid Mini Extraction kit 

(Bioneer) or PureLink Quick Plasmid Miniprep kit (Thermo Fisher Scientific) 

following the manufacturer’s instructions. After isolation, plasmid concentrations 

were determined using a NanoDrop spectrophotometer (Thermo Fisher 

Scientific).  

 

2.8 RIG-I agonists  

5′-triphosphorylated RNAs (3pRNAs) were used as RIG-I agonists. 3pRNAs were 

generated at the Institute of Clinical Chemistry and Clinical Pharmacology at the 

University of Bonn as described elsewhere (Goldeck et al., 2014; Coch et al., 

2017).  

 

2.8.1 Transfection of RIG-I agonists 

Cells were seeded one day prior to transfection to reach 70-80 % confluency after 

overnight culture. Cells were then transfected with 200 ng/mL 3pRNA or control 

(ctrl) RNA using cationic lipid-based Lipofectamine 2000 following the 

manufacturer’s instructions. Briefly, oligonucleotides and Lipofectamine 2000 

dilutions were prepared in OptiMEM (Gibco), incubated for 5 min, mixed and 

incubated for an additional 20 min at RT. The liposome mixture was then added 

dropwise to the cells to allow uptake via the endocytic pathway. For indicated 

experiments, reverse transfections were performed. Here, cells were plated into 

cell culture dishes and transfected at the same time. The liposome mixture was 

generated as described before. Cell densities were adjusted so that 70 % 

confluency was reached when cells were seeded.  
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2.9 Murine IFN-α ELISA 

An enzyme linked immunosorbent assay (ELISA) was used to determine IFN-α 

levels in supernatants from LA-4 cells. For this ELISA, 96-well high binding, 

half-area plates (Corning) were coated overnight at 4°C with a rat anti-mouse 

IFN-α mAb (RMMA-1, PBL Assay Science) diluted in coating buffer (0.2 M 

sodium phosphate; pH 6.5). After incubation, plates were washed in wash buffer 

(PBS with 0.05 % (vol/vol) Tween 20), and blocked for 2 hrs at RT with 10 % 

(vol/vol) FCS in PBS. Plates were washed 3 times before addition of cell culture 

supernatants (diluted 1:5 in media). A 2-fold dilution series of a recombinant 

mouse IFN-α (PBL Assay Science) standard was also prepared in media. 

Samples and standards were incubated overnight at 4°C, washed 3 times and 

then incubated for 3 hrs with a rabbit polyclonal anti-mouse IFN-α antibody (PBL 

Assay Science) diluted in PBS containing 10 % (vol/vol) FCS. Plates were 

washed 7 times, incubated with a mouse anti-rabbit horseradish peroxidase 

(Santa Cruz Biotechnology) for 2 hrs in the dark, then washed again and 

incubated with TMB Substrate (BD OptEIA, BD Bioscience). After colour 

development, the reaction was stopped by the addition of 2N H2SO4 and 

absorbance at 450/570 nm was measured on a Cytation 3 microplate reader (Bio 

Tek). Cytokine concentrations were calculated by interpolating from the standard 

curve using GraphPad Prism.  

 

2.10 Microscopy 

Fluorescence microscopy was used to examine the cellular localisation of Mx 

proteins. For these studies, black 96-well plate with a flat and clear bottom 

(PerkinElmer) was coated for 2 hrs at 37°C with 15 µg/mL (wt/vol) poly L-ornithine 

(Sigma-Aldrich) in water, washed 3 times with PBS and coated with 0.1 % (wt/vol) 

gelatin from pork skin (Sigma-Aldrich) in water overnight at 4°C. Next, A549 cells 

were reverse transfected with pcDNA3.1-mCherry vectors expressing ferret 

Mx1.1, Mx1.2, Mx2, human MxA and human MxB using Lipofectamine 2000 
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(Thermo Fisher Scientific) transfection reagent following the manufacturer’s 

instructions. Cells were incubated for 30 hrs at 37°C and fixed in 4 % (vol/vol) 

PFA in water for 10 min at RT. Cells were then washed in PBS and permeabilised 

in 0.1 % (vol/vol) Triton-X 100 in PBS for 10 min at RT and washed in PBS. Next, 

cells were blocked for 30 min at 37°C in 5 % (wt/vol) BSA and 0.1 % (vol/vol) 

Triton-X 100 in PBS, followed by incubation with a mouse anti-FLAG M2 mAb 

(clone M2, Sigma-Aldrich) for 2 hrs at RT in 3 % (wt/vol) BSA and 0.1 % (vol/vol) 

Triton-X 100 in PBS. Cells were washed in PBS and incubated with a polyclonal 

FITC-conjugated goat anti-mouse IgG (H+L) antibody (R37120, Thermo Fisher 

Scientific) for 1.5 hrs at RT in 3 % (wt/vol) BSA and 0.1 % (vol/vol) Triton-X 100 

in PBS. Next, cells were washed in PBS, incubated with DAPI (Invitrogen) diluted 

1:1000 in PBS for 20 min at RT, washed again and stored in the dark at 4°C prior 

to analysis on a DMi8 microscope with THUNDER Imager (Leica).  

 

2.11 Gene expression analysis by quantitative real time RT-PCR 

Since work in this study was conducted on two institutions, two different cycler 

and RT-qPCR reagents were used, however results were consistent indicating 

no effect on reliability of results. 

Method performed at The University of Melbourne, The Peter Doherty Institute 

for Infection and Immunity: Cells were harvested in RLT buffer (Qiagen) 

supplemented with β-mercaptoethanol, for subsequent total RNA isolation using 

a RNeasy Mini Kit or a RNeasy Mini Plus Kit (Qiagen) according to manufacturer's 

instructions. To exclude DNA contamination, an on-column RNase-free DNase 

digestion (Qiagen) was performed. RNA purity and quantity were determined by 

nanodrop (Thermo Fisher Scientific). RNA was reverse transcribed into cDNA 

using the Omniscript RT Kit (Qiagen) and used for subsequent real-time PCR 

reactions. A SYBR-green based Sensifast Lo-ROX SYBR Green (Bioline) 

reaction was performed on the ABI7500 Real Time PCR System (Applied 

Biosystems) to determine expression of genes of interest. Species-specific 

primers were used to determine expression of particular genes in human, mouse 



79 
 

 
 

of ferret cells or tissues (Table 1.1). For some experiments, ISG15 and IFIT1 

expression in samples of murine origin (either tissues or LA-4 cells) were 

determined by using RT2 qPCR Primers (ISG15: PPM05488A-200, IFIT1: 

PPM05530E-200, both Qiagen). The thermocycling condition in Melbourne 

consisted of 1 cycle of 45°C for 10 min and 95°C for 2 min and 45 cycles of 95°C 

for 5 seconds, 60°C for 30 seconds using the 7500 Fast real-time system (Applied 

Biosystems), following the manufacturer’s recommendation. Gene expression 

was normalised to expression of the housekeeping gene GAPDH and graphed 

as fold change to untreated controls using ΔΔCT method (Livak et al., 2001). 

Method performed at The University of Bonn, Institute of Clinical Chemistry and 

Clinical Pharmacology: Cells harvested in RLT buffer were mixed 1:1 with 70 % 

(vol/vol) ethanol in water and this was applied to a Zymo Research Spin III column 

(Zymo Research) and centrifuged for 1 min at 10.000 rpm. After washing the 

column with RW1 (Qiagen buffer), an on-column RNase-free DNase digestion 

(Thermo Fisher Scientific) was performed. The column was then washed twice in 

Zymo wash buffer (Zymo Research) and RNA was eluted in RNase-free water. 

RNA was reverse transcribed into cDNA using the RevertAid Reverse 

Transcriptase (Thermo Fisher Scientific) and used for subsequent real-time PCR 

reactions. A SYBR-green based EvaGreen (Biobudget) reaction was performed 

on a QuantStudio6 (Thermo Fisher Scientific). The thermocycling condition in 

Bonn was as followed: 15 min of 95°C, 40 cycles of 15 seconds at 95°C, 20 

seconds at 60°C and 20 seconds at 60°C following the manufacturer’s 

recommendation. Gene expression was normalised to expression of the 

housekeeping gene GAPDH and graphed as fold change to untreated controls 

using ΔΔCT method (Livak et al., 2001). 
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2.12 Mouse studies 

2.12.1 Generation of primary murine fibroblasts 

Primary murine lung fibroblasts were isolated from dissociated lung tissue as 

described (Edelman et al., 2018). Briefly, 6-12 week old mice were killed in 

accordance with the Animal Experimentation and Ethics guidelines at The 

University of Melbourne. The lungs were perfused by injecting PBS into the right 

ventricle before lung tissue was isolated, cut into small pieces and digested with 

0.5 mL collagenase per lung (1 mg/mL, Sigma-Aldrich) for 45 min at 37oC. After 

passing through a 5 mL syringe to dissociate aggregates, cells were pelleted, 

washed in Hank’s buffered salt solution (Media Preparation Unit, DMI UoM) and 

then digested with 0.25 % trypsin-EDTA (Media Preparation Unit, DMI UoM) for 

15 min at 37oC. After passing through a syringe, cells were filtered through a 

70 μm cell strainer and washed with DMEM containing 10 % (vol/vol) FCS 

supplemented with 2 mM L-glutamine, 1mM sodium pyruvate, 100 Units/mL of 

penicillin and 100 μg/mL of streptomycin. Cells were pelleted and resuspended 

in DMEM supplemented with 10 % (vol/vol) FCS and additives and seeded into 

tissue culture flasks. Primary lung fibroblasts were passaged upon confluency 

and were stable for up to 10 passages in vitro.  

 

2.12.2 Virus infection  

Mice were bred and maintained in specific pathogen-free conditions at the 

Bioresources Facility at The Peter Doherty Institute for Infection and Immunity, 

Melbourne, Australia. All research complied with the Animal Experimentation 

Ethics guidelines and policies at the University of Melbourne and were in 

accordance with the NHMRC Australian code for the care and use of animals for 

scientific purposes (the Code). Mice were anesthetised by isoflurane inhalation 

and infected via the intranasal (i.n.) route with virus (as indicated) and infectious 

dose (as indicated) in 50 μL of PBS. Mice were monitored daily for body weights 

and signs of disease.  



81 
 

 
 

 

2.12.3 RIG-I agonist administration 

3pRNA or ctrl RNA was formulated using in vivo-jetPEI transfection reagent 

(Polyplus-transfection) in 5 % (vol/vol) glucose solution according to 

manufacturer’s recommendations. The N/P ratio (number of nitrogen (N) residues 

in the in vivo-jetPEI per phosphate (P) residue) of RNA was 8. Mice received 

12.5 μg of 3pRNA or ctrl RNA via an intravenous (i.v.) injection into the tail vein 

in a total volume of 200 μL.  

2.12.4 Bioluminescent imaging  

Mice were intranasally infected with 105 infectious particles (as determined by VS 

assay) of rHRSV-Luc in 50 μL of PBS. Replication of rHRSV-Luc was visualised 

by bioluminescence after infection. Briefly, mice were weighed and received an 

intraperitoneal (i.p.) injection of 200 μL per 20 gram body weight of PBS 

containing 15 mg/mL VivoGlo™ Luciferin (Promega). Mice were rested for 5 min 

to allow for VivoGlo™ Luciferin distribution throughout the animal, then 

anaesthetised by isoflurane inhalation and bioluminescence signals were 

measured using a Lumina XRMS Series III In Vivo Imaging System (IVIS, Perkin 

Elmer). Living Image software (version 4.0, Caliper Life Sciences) was used to 

measure the luciferase activities. Bioluminescence images were acquired for 1 

min with f/stop =1 and binning= 8. 

 

2.12.5 Tissue collection and processing 

Mice were killed and respiratory tissues such as lung and nasal turbinates were 

collected at indicated time points. Tissue samples were homogenised in PBS 

using a Polytron PT 2100 homogeniser (Kinematica AG), debris was removed by 

centrifugation (3000 rpm, 10 min, 4oC) and clarified supernatants were stored at 

-80oC. Titres of infectious IAV and RSV in clarified tissue homogenates from IAV- 
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or RSV- infected mice were determined by standard plaque assay on MDCK or 

HEp-2 cells (sections 2.5.4 and 2.5.6).  

In some experiments, lung and nasal turbinates were removed, cut into smaller 

pieces and submerged in RNALater (Ambion, Life Technologies) overnight 

before extraction of total RNA using RNeasy Plus Mini spin columns (Qiagen) for 

subsequent use in qRT-PCR (section 2.11). 

In some experiments, bronchoalveolar lavage (BAL) fluid was also obtained at 

the time points indicated. For BAL, a flexible catheter was inserted into the 

proximal trachea and the lung was flushed 3 times with 1 mL of PBS. Immune 

cell populations within the BAL were determined via flow cytometry (section 
2.12.6), while the cell-free BAL fluid was analysed for the presence of cytokines 

and chemokines using cytokine bead array (section 2.12.7).  

 

2.12.6 Detection of immune cell population within BAL 

Cells were isolated from BAL fluid by centrifugation (1800 rpm, 5 min, 4oC) and 

incubated for 5 min in 1 mL Red Blood Cell Lysing Buffer Hybri-Max (Sigma-

Aldrich). Cells were then washed in DMEM, resuspended in PBS containing 

1 % (vol/vol) FCS and incubated for 15 min on ice with an anti-CD16/CD32 mAb 

to block Fc receptors on different immune cell populations. Cells were stained 

with a fixable viability dye eFluor 780, followed by staining with fluorescent-

conjugated antibodies to different immune cell markers namely: NK1.1 (PK136), 

CD3 (145-2C11), CD8 (53-6.7), CD4 (RM4-5), CD45.2 (104), Ly6G (1A8), MHC 

II (M5/114.15.2), CD11c (N418), CD11b (M1/70), Siglec-F (E50-2440), CD24 

(M1/69) or CD64 (X54-5/7.1) all obtained from BD or BioLegend. Data acquisition 

was performed on a BD LSR Fortessa flow cytometer to allow for identification of 

distinct immune cell population as follows: neutrophils (Ly6G+, CD11b+), 

eosinophils (Siglec-F+, CD11b+, CD64-), NK cells (NK1.1+, CD3-), alveolar 

macrophages (CD64+, Siglec-F+, CD11c+), pan-macrophages (CD64+, Siglec-F-, 

CD11b+), pan-dendritic cells (pan-DC, CD64-, CD11c+, MHC II+, CD24+), CD4+ T 

cells (CD3+, CD4+) and CD8+ T cells (CD3+, CD8+).  
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2.12.7 Detection of inflammatory mediators in cell-free BAL 

Levels of cytokines and chemokines such as IFN-α, IFN-β, IFN-γ, IL-1β, IL-6, 

IL-10, IL-12, CCL2, CCL5, CXCL1, CXCL10, TNF-α and GM-CSF were 

determined in cell-free BAL fluid by using the cytometry bead array (CBA) 

LEGENDplex Mouse Anti-Virus Response Panel (BioLegend) following 

manufacturer’s instructions. Data acquisition was performed on a BD Canto II. 

The LEGENDplexTM Data Analysis Software was used to determine analyte 

concentrations.  

2.13 Ferret studies 

Adult outbred ferrets (600-1500 gram) were housed in the Bioresources Facility 

at the Peter Doherty Institute for Infection and Immunity, Melbourne, Australia. All 

research complied with the Animal Experimentation Ethics guidelines and 

policies at The University of Melbourne and were in accordance with the NHMRC 

Australian code of practice for the care and use of animals for scientific purposes.  

 

2.13.1 RIG-I agonist administration 

3pRNA or ctrl RNA was formulated using in vivo-jetPEI transfection reagent in 

5 % (vol/vol) glucose solution following manufacturer’s recommendations. The 

N/P ratio was 8 as for mouse studies. Administration of 3pRNA or ctrl RNA to 

ferrets was via the i.n. or i.v. route, as indicated. Prior to treatment, the body 

weight of all animals was recorded to allow for comparable dosing of animals. For 

i.v. administration, ferrets received 0.3 mg/kg 3pRNA or ctrl RNA into the cephalic 

vein in a total volume of 1000 µL 5 % (vol/vol) glucose solution. Injections were 

performed under reversible anaesthesia by intramuscular injection of ketamine 

(10 mg/kg, Troy Laboratories), midazolam (0.5 mg/kg, Troy Laboratories) and 

medetomidine (0.02 mg/kg, Troy Laboratories) mixture, which was then 

antagonised by atipamezole (0.01 mg/kg, Troy Laboratories). 
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For i.n. administration, ferrets received 0.3 mg/kg 3pRNA or ctrl RNA in 500 µL 

of 5 % (vol/vol) glucose solution. Intranasal administrations were performed 

under non-reversible anaesthesia (25 mg/kg ketamine and 5 mg/kg ilium Xylazil 

in a 1:1 (vol/vol) mixture; Troy Laboratories).  

 

2.13.2 Virus infection 

2.13.2.1 IAV infection via contact transmission  

Prior to the commencement of experiments, hemagglutination inhibition assays 

were used to confirm all animals to be seronegative against IAV strain 

A/Perth/265/2009 ((H1N1)pdm09). Donor ferrets were anaesthetised (25 mg/kg 

ketamine and 5 mg/kg ilium Xylazilin a 1:1 (vol/vol) mixture) and inoculated by 

dropwise i.n. delivery of 500 μL PBS containing 105 TCID50 of A/Perth/265/2009. 

After 24 hrs, naïve recipient ferrets were exposed to donor ferrets. After 48 hrs 

co-housing, donor animals were removed and recipients were kept for the times 

indicated in each experiment. Each day after infection, ferrets were monitored for 

body weight and temperature measurements were also performed using 

implanted temperature transponders fitted to identification chips (LifeChip Bio-

Thermo, Digivet). The proportion of weight change was calculated relative to body 

weight at the first day of the experiment. 

 

2.13.2.2 Experimental RSV infection 

For experimental infection of ferrets with RSV Long, animals were anaesthetised 

(12.5 mg/kg ketamine and 2.5 mg/kg ilium Xylazil in a 1:1 (vol/vol) mixture) and 

inoculated by dropwise delivery of 500 µL PBS containing 5x105 VS of RSV. Each 

day after infection, body weight and temperature were recorded as described 

above. The proportion of weight change was calculated relative to the weight on 

the day of RSV challenge. 
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2.13.2.3 Anaesthesia and sedation  

Depending on the downstream procedure, ferrets were treated with different 

anaesthesia and sedatives. For collection of nasal wash samples, ferrets were 

lightly anaesthetised with 5 mg/kg ilium Xylazil. For i.n. infection and i.n. drug 

administration, ferrets were sedated with using equal volumes of 25 mg/kg 

ketamine and 5 mg/kg ilium Xylazil. For i.v. drug administration, reversible 

anaesthesia consisting of of equal volumes ketamine (10 mg/kg), midazolam (0.5 

mg/kg) and medetomidine (0.02 mg/kg) were injected and reversed by 

intramuscular injection with 0.01 mg/kg atipamezole. For euthanasia, ferrets were 

anesthetised using a mixture of ketamine and xylazine following pentobarbitone 

sodium (≥1000 mg/kg, Lethabarb Troy Laboratories) injection.  

 

2.13.3 PBMC isolation 

Ferret peripheral blood was collected at indicated time points into heparinised 

tubes via jugular vein puncture. Whole blood was diluted 1:1 in RPMI, mixed 

thoroughly and overlaid onto Ficoll-Paque Plus (GE Healthcare) in a 1:1 ratio (i.e. 

2 mL blood per 2 mL RPMI per 2 mL Ficoll-Paque Plus), followed by 

centrifugation at 850 x g for 20 min (no brake). Peripheral blood mononuclear 

cells (PBMCs) were isolated from the interface, washed in PBS and incubated for 

5 min in Red Blood Cell Lysing Buffer Hybri-Max to lyse erythrocytes. Samples 

were then washed in PBS, resuspended in RLT buffer supplemented with 

β-mercaptoethanol and total RNA was extracted using RNeasy Plus Mini spin 

columns. cDNA synthesis and qRT-PCR reactions were performed as described 

above (section 2.11).  

 

2.13.4 Nasal wash collection 

From 24 hrs after first exposure to donor animals, recipient ferrets received daily 

nasal washes. Ferrets were lightly sedated (5 mg/kg ilium Xylazil) and then 1 mL 
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of PBS was flushed through the nostril and the expelled liquid was collected. 

Nasal wash samples from IAV-infected animals were stored at -80°C prior to 

determination of viral titre by TCID50 assay. Nasal wash samples from 

RSV-infected animals were snap-frozen in a bath of dry ice and 80 % (vol/vol) 

ethanol in water and stored at -80°C prior to determination of viral titre by VS 

assay.  

2.13.5 Tissue collection 

At experimental endpoints, ferrets were anesthetised with ketamine and xylazine 

prior to intracardiac injection of sodium pentobarbitone before removal of nasal 

tissues and lungs. From IAV-infected animals, individual lung lobes were stored 

at -80oC while lobes from RSV-infected animals were snap-frozen in dry ice/80 % 

(vol/vol) ethanol in water baths. To prepare samples for detection of infectious 

virus, lung lobes were thawed on ice and homogenised in 5 mL of DMEM in 

gentleMACS M tubes (Miltenyi Biotec) using a gentleMACS dissociator (Miltenyi 

Biotec). Nasal tissue was disrupted using a Polytron PT 2500E (Thermo Fisher 

Scientific). Homogenised lung and nasal tissue samples were clarified twice by 

centrifugation (3000 rpm, 10 min, 4oC). Titres of infectious IAV or RSV were 

determined by TCID50 assay or plaque assay, respectively, as described 

(sections 2.5.5 and 2.5.6).  

For the isolation of total RNA from ferret tissue, individual lung lobes and nasal 

tissues were stored in 5 mL RNALater at 4°C overnight. Tissue was then removed 

from the stabilizing agent and stored at -80°C. Lung and nasal tissues were 

homogenised as described above and RNA extraction was performed using the 

RNeasy Maxi kit (Qiagen). Briefly, tissue was homogenised in RLT buffer 

containing β-mercaptoethanol. Lung tissues were homogenised in gentleMACS 

M tubes using a gentleMACS dissociator and nasal tissue were homogenised 

using a Polytron PT 2500E. Samples were clarified twice by centrifugation 

(3000 rpm, 10 min, 4oC), mixed with 70 % (vol/vol) ethanol in water in a 1:1 ratio 

and transferred onto a RNeasy Maxi column, followed by a centrifugation for 

5 min at 1800 rpm. The column was washed once with wash buffer RW1, twice 
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with RPE buffer and centrifuged again to dry the column. To isolate the RNA, 

800 µL of RNase-free water was applied to the column, incubated for 1 min at RT 

and then centrifuged for 3 min at 1800 rpm. The flow-through (containing RNA) 

was collected and purity determined by spectrophotometry (A260/A280) using a 

Nanodrop. RNA samples were stored at -80°C prior to cDNA synthesis and qRT-

PCR (section 2.11).  

2.14 Data analysis 

Flow cytometry data was analysed using FlowJo software for Windows, version 

10 (Becton, Dickinson and Company). Fluorescence microscopy images were 

analysed using ImageJ software (Schneider et al., 2012). Graphs and statistical 

analysis (as indicated in the figure legends) were performed using GraphPad 

Prism version 9.2.0 (GraphPad software). For cloning procedures, ApE (A 

plasmid Editor) version 2.0.61 was used.  
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3 Chapter: Evaluation of RIG-I agonists as antiviral in 
different models of IAV infection  
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3.1 Introduction 

Influenza viruses are a major threat to global health and seasonal influenza 

infections are associated with 3-5 million annual cases and 290,000 to 650,000 

fatalities worldwide (Iuliano et al., 2018). Moreover, emerging IAV also have the 

potential to cause devastating global pandemics in an immunologically naïve 

population. Conventional antiviral therapies against IAV tend to target specific 

viral components, such as NAIs, M2 ion channel blockers (adamantanes) and 

inhibitors of the PA protein (baloxavir). These antivirals inhibit distinct steps in the 

viral replication cycle, namely virus release from infected cells (NAI), virus 

uncoating in endosomes (adamantanes) or genomic replication (baloxavir) 

(Krammer et al., 2018). Particularly alarming in this context are H1N1 variants 

that had acquired mutations associated with resistance to oseltamivir, the most 

commonly used NAI, which emerged in 2009 and rapidly spread to become the 

dominant population globally, highlighting the importance of monitoring currently 

circulating IAV for acquisition of resistance to NAI (Dharan et al., 2009; Meijer et 

al., 2009). A number of mutations associated with baloxavir resistance were also 

reported to emerge in phase 2 and 3 clinical trials (Takashita, 2021). While 

vaccination is important in limiting the impact of influenza infections, current 

vaccines have suboptimal effectiveness against seasonal viruses across all age 

groups, and particularly in the elderly (Osterholm et al., 2012; Kim et al., 2018). 

Moreover, as influenza viruses continually undergo antigenic variation, vaccine 

composition must be regularly evaluated and updated to provide protection 

against the most recent circulating strains. In the face of circulating seasonal IAV 

and the continuing threat of emerging pandemic IAV, new antiviral treatment 

strategies are urgently required.  

The innate immune system acts as first line of defence against invading 

pathogens. Viral nucleic acids can be recognised by endosomal or intracellular 

PRRs, such as TLRs and RLRs (Kell et al., 2015). While endosomal TLRs are 

mainly expressed by immune cells, cytosolic RLRs are abundant in most somatic 

cells (Loo et al., 2011). RIG-I activation triggers a signaling cascade that activates 

transcription factors IRF3, IRF7 and NF-κB which ultimately induce transcription 
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of type I and type III IFNs. Secreted IFNs bind to their cognate receptors (IFNARs 

and IL10R2/IFNLR1 for type I IFN and type III IFN, respectively) in an autocrine 

and/or paracrine manner to induce expression of hundreds of ISGs (Schoggins 

et al., 2011b). Expression of ISG proteins is associated with induction of an 

‘antiviral state’ within virus-infected cells, as well as in uninfected neighbouring 

cells acting to limit virus replication and spread within the host.  

A number of studies have used synthetic RNA agonists to elicit broad-spectrum 

antiviral responses prior to and/or after viral infection. Optimal RIG-I activation is 

mediated by short (<300 bp) dsRNA ligands with blunt ends that bear a 

5’-triphosphate or di-phosphate (Schlee et al., 2009; Schmidt et al., 2009; 

Goubau et al., 2014). From in vitro studies it is well established that treatment of 

human cells with RIG-I agonists results in induction of ISGs and that this 

correlates with inhibition of infection by viruses such as VSV, dengue virus 

(DENV), Vaccinia virus, HIV-1, hepatitis C virus (HCV), chikungunya virus 

(CHIKV) and IAV (Chakravarthy et al., 2010; Ranjan et al., 2010; Goulet et al., 

2013; Olagnier et al., 2014; Chiang et al., 2015). While in vitro studies have 

demonstrated that RIG-I agonist treatment of human lung epithelial A549 

(Chakravarthy et al., 2010; Ranjan et al., 2010; Goulet et al., 2013; Chiang et al., 

2015) and monocyte-derived dendritic cells (Chiang et al., 2015) induced anti-

IAV activity, it is not clear if RIG-I agonist treatment inhibits IAV infection and 

growth in cells from other mammalian species, such as mice and ferrets, which 

represent the most widely used animal models to study human IAV infections.  

Numerous studies have used mouse models to demonstrate the prophylactic 

and/or therapeutic effects of RIG-I agonists against IAV in vivo (Ranjan et al., 

2010; Lin et al., 2012; Goulet et al., 2013; Chiang et al., 2015; Coch et al., 2017). 

In general terms, prophylactic treatment of mice with RIG-I agonists can provide 

protection against IAV infection, resulting in improved survival and reduced titres 

of virus in the lungs (Goulet et al., 2013; Chiang et al., 2015). Goulet et al. 

demonstrated that the combination of prophylactic (day -1 and day 0) and 

therapeutic treatments (day 1) of C57BL/6 mice with RIG-I agonist (delivered by 

the i.v. route) was more effective in reducing lung virus titres than a single 
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prophylactic or therapeutic treatment alone. In the absence of infection, RIG-I 

agonist treatment was associated with rapid induction of IFN-α/β mRNA in the 

lungs and serum, peaking at 6 hrs post-treatment, as well as increased 

recruitment of neutrophils, macrophages and DCs to the lungs at 6 or 24 hrs post-

treatment (Goulet et al., 2013). More recently, Coch et al. showed that pre-

treatment of Mx1-positive B6.A2G-Mx1 mice with RIG-I agonist up to 7 days prior 

to lethal challenge with IAV resulted in reduced weight loss and increased 

survival, while a therapeutic treatment 18 hrs after lethal IAV infection also 

resulted in increased survival, as well as reduced disease score and weight loss 

(Coch et al., 2017). While RIG-I agonist treatment of mice has the potential to 

mediate potent and long-lasting protection against IAV, the mechanisms 

underlying this protection are not fully understood. Moreover, to our knowledge, 

the anti-IAV activity of RIG-I agonist treatment has not been examined in ferrets, 

the gold standard small animal model to study human IAV infections. 

Herein, we demonstrate that RIG-I agonist treatment resulted in specific and 

potent induction of antiviral ISG expression in mouse, human and ferret airway 

cell lines. Moreover, ISG induction following RIG-I agonist treatment correlated 

with reduced levels of IAV infection and growth in cell lines from each of the three 

species. Using inbred mice which do or do not express a functional Mx1 protein, 

we demonstrate the importance of a functional Mx1 to induce potent and long-

lasting RIG-I agonist-mediated protection against IAV. Finally, we demonstrate 

that a single prophylactic treatment of ferrets with RIG-I agonist induces potent 

upregulation of ISGs in PBMCs, as well as in lung tissue. Prophylactic RIG-I 

treatment also resulted in a significant reduction in viral titres in the lungs of IAV-

infected ferrets. Together, these data provide important insights regarding the 

use of RIG-I agonists as next-generation antiviral drugs against IAV infections. 
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3.2 Results 

3.2.1 RIG-I agonist treatment induces ISG expression and inhibits IAV 

infection and growth in human, murine and ferret airway cell lines 

Previous studies using human A549 airway epithelial cells demonstrated that 

RIG-I agonists are potent inhibitors of IAV (Chakravarthy et al., 2010; Ranjan et 

al., 2010; Goulet et al., 2013; Chiang et al., 2015). However, their ability to limit 

IAV infection in cells from other mammalian species, including mice and ferrets, 

is less clear. Therefore, human A549, mouse LA-4 and ferret FRL cells were 

treated with RIG-I agonist (3pRNA) and ISG induction was assessed 24 hrs later. 

Note that cells were also treated with a synthetic control RNA (ctrl RNA) which 

does not activate RIG-I, or with the appropriate species-specific IFN-α to promote 

ISG induction. As seen in Figure 3.1 A, 3pRNA or IFN-α treatment induced potent 

upregulation of IFITM1, ISG15 and Mx1 in human, mouse and ferret cells, 

whereas ctrl RNA treatment did not.  

To determine if prophylactic treatment with RIG-I agonist was protective against 

IAV infection, A549, LA-4 and FRL cells were transfected with 3pRNA or ctrl RNA 

(200 ng/mL), or incubated with species-specific IFN-α, cultured for 24 hrs and 

then inoculated with IAV strain HKx31 at the indicated MOI for 1 hr at 37°C. After 

washing, cells were incubated an additional 8 hrs, permeabilised and stained for 

intracellular expression of IAV NP. Flow cytometry was then used to determine 

the percentage of virus-infected cells. Prophylactic treatment with 3pRNA or 

IFN-α resulted in significant reductions in the percent of IAV-infected cells 

compared to ctrl-treated cells (Figure 3.1 B). To assess the impact on virus 

growth (i.e. productive IAV replication and release from infected cells), cells 

treated with 3pRNA or ctrl RNA were infected 24 hrs later with IAV at a low MOI 

(MOI = 0.01) in the presence of exogenous trypsin to allow for multi-cycle virus 

replication. Supernatants were recovered at indicated time points and titres of 

infectious virus were determined by standard VS assay (van Baalen et al., 2017). 

Pre-treatment of human, mouse or ferret cells with 3pRNA completely abolished 
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virus release compared to ctrl-treated cells which supported high virus titres at 

24-48 hrs post-infection (hpi) (Figure 3.1 C).  
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Figure 3.1: Treatment of human, mouse or ferret airway cell lines with RIG-I 
agonist induces ISG expression and inhibits IAV infection and replication. A549, 
LA-4 and FRL cells were transfected with RIG-I agonist (3pRNA, 200 ng/mL) or 
control RNA (ctrl RNA, 200 ng/mL), or incubated with human (104 units/mL), 
mouse (104 units/mL) or ferret (50 ng/mL) IFN-α. A) After 24 hrs, total RNA was 
isolated and the expression of ISGs was assessed by qRT-PCR. Expression is 
normalised to GAPDH and expressed as fold induction relative to untreated cells. 
B) After 24 hrs, cells were inoculated for 1 hr at 37oC with IAV (strain HKx31, 
H3N2) at MOI of 5 (A549), 10 (LA-4) or 1 (FRL). Cells were incubated an 
additional 7 hrs and then fixed and stained for intracellular expression of the viral 
NP. Cells were analysed by flow cytometry. C) After 24 hrs, cells were inoculated 
for 1 hr with HKx31 (MOI = 0.01), washed and incubated at 37oC in the presence 
of exogenous trypsin (0.5 mg/mL). After 8 hrs, 24 hrs and 48 hrs, cell culture 
supernatants were harvested and titres of infectious virus were determined in 
clarified supernatants using a VS assay on MDCK cells. All data show the mean 
(± SD) from triplicate samples and are representative of 2 or more independent 
experiments. A one-way ANOVA with Bonferroni’s multiple comparison test was 
used in A) and B) and a Student’s unpaired t-test was used in C) to compare 
3pRNA or IFN-α to ctrl RNA treatment. * = p<0.05; ** = p<0.01; *** = p<0.001; 
**** = p<0.0001.  
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3.2.2 RIG-I agonist treatment induces ISG expression in primary mouse lung 

fibroblasts 

Several groups have demonstrated that RIG-I agonists act as antiviral agents 

against IAV both in vivo and in vitro (Chakravarthy et al., 2010; Ranjan et al., 

2010; Lin et al., 2012; Goulet et al., 2013; Chiang et al., 2015; Coch et al., 2017). 

However, only Coch et al. used mice expressing a functional Mx1 protein and 

these studies reported particularly potent and long-lasting RIG-I agonist-

mediated protection in vivo. As Mx1 is an ISG and a potent inhibitor of IAV, we 

first aimed to compare 3pRNA-mediated ISG induction and protection against 

IAV using primary lung fibroblast generated from mice which do (B6.A2G-Mx1), 

and do not (B6-WT) express a functional Mx1 protein (Lindenmann, 1962). 

First, mouse lung fibroblasts were assessed for ISG induction 24 hrs after 

treatment with 3pRNA, ctrl RNA or recombinant IFN-α. Both 3pRNA and IFN-α 

induced upregulation of IFIT1, ISG15 and Mx1 in B6-WT fibroblasts, whereas 

very little ISG induction was detected using B6.A2G-Mx1 cells (Figure 3.2 A). In 

this instance, expression was determined using the 2-ΔΔCt method which 

determines the fold change in ISG of interest after test conditions relative to 

control (unstimulated) conditions, which is then normalised to the housekeeping 

gene GAPDH, as for Figure 3.1 A (Livak et al., 2001). However, it was clear from 

the raw data that Ct values for all ISGs were markedly lower in untreated samples 

from B6.A2G-Mx1 compared to B6-WT cells (data not shown). Therefore, we 

focused on comparison of untreated samples from each mouse strain (i.e. the 

constitutive expression) by calculating the relative expression, defined as the 

difference in Ct values of each ISG relative to GAPDH (2-ΔCt) (Livak et al., 2001). 

Using this analysis, we confirmed that the constitutive expression of each ISG 

was significantly higher in B6.A2G-Mx1 cells compared to B6-WT cells (Figure 
3.2 B). Next, we determined the relative expression for B6-WT and B6.A2G-Mx1 

cells after 3pRNA, ctrl RNA or IFN-α treatment. In cells from both B6-WT and 

B6.A2G-Mx1 mice, the highest relative expression of each ISG was observed 

following 3pRNA treatment (Figure 3.2 C). While relative expression after 3pRNA 

were similar for IFIT1 in B6-WT and B6.A2G-Mx1 cells, ISG15 values were higher 
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in B6-WT cells and Mx1 values were higher in B6.A2G-Mx1 cells. Together, these 

data indicate that the increased constitutive expression of ISGs in unstimulated 

B6.A2G-Mx1 cells likely contributes to the relatively modest increase observed 

after 3pRNA treatment when analysed using the 2-ΔΔCt method.  
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Figure 3.2: RIG-I agonist-mediated ISG induction in B6.A2G-Mx1 and B6-WT 
primary fibroblasts. Cultures of primary lung fibroblasts were transfected with 
RIG-I agonist (3pRNA, 200 ng/mL) or control RNA (ctrl RNA, 200 ng/mL), or 
treated with IFN-α (104 units/mL). After 24 hrs, total RNA was isolated and the 
expression of IFIT1, ISG15 or Mx1 was assessed by qRT-PCR. A) Expression 
was normalised to GAPDH and is shown as fold induction relative to untreated 
cells. B) ISG expression relative to GAPDH was determined in untreated cells by 
calculating 2-ΔCt values. C) ISG expression relative to GAPDH was determined in 
3pRNA- (red squared), ctrl RNA- (black circles) or IFN-α-treated cells (green 
triangles) or in untreated samples (open triangles). Data represent the mean 
(± SD) for A) or the median for B) and C) from triplicate samples and are 
representative of 2 experiments, using fibroblasts sourced from different animals 
in each experiment. A two-way ANOVA with Bonferroni’s multiple comparison 
test was performed to compare 3pRNA to other conditions in A) and C). An 
unpaired Student’s t-test was performed in B) to compare B6-WT to B6.A2G-Mx1 
cells. * = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 
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3.2.3 A functional Mx1 is required for potent and long-lasting RIG-I agonist-

mediated protection against IAV in primary mouse fibroblasts 

Next, primary lung fibroblasts from B6-WT and B6.A2G-Mx1 mice were treated 

with 3pRNA or ctrl RNA and then assessed for susceptibility to IAV infection and 

growth. Given that 3pRNA treatment of B6.A2G-Mx1 mice was associated with 

potent and long-lasting protection against IAV challenge (Coch et al., 2017), 

B6-WT or B6.A2G-Mx1 fibroblasts transfected with 3pRNA or ctrl RNA were then 

infected with IAV either 1 day or 5 days later. Flow cytometry was used to 

determine the percentage of IAV-infected cells at 8 hpi. As seen in Figure 3.3 A, 

3pRNA treatment 1 day prior to infection significantly reduced the percentage of 

IAV-infected cells in both B6-WT and B6.A2G-Mx1 fibroblasts. Notably, 

3pRNA-mediated inhibition was more potent in B6.A2G-Mx1 cells. Even 5 days 

after 3pRNA treatment, IAV infection was potently inhibited in B6.A2G-Mx1 cells 

but the inhibitory effect seen at day 1 post-3pRNA treatment was lost in B6-WT 

cells (Figure 3.3 A). When considering infection of ctrl RNA-treated cells, IAV 

infection of B6-WT cells increased between cells infected at 1 versus 5 days post-

treatment whereas infection of B6.A2G-Mx1 cells was reduced between cells 

infected at 1 versus 5 days post-treatment. While the reasons behind different 

infection levels of ctrl RNA-treated cells ‘aged’ in cell culture for 1 versus 5 days 

are not known, it is very clear that 3pRNA-mediated inhibition of IAV infection is 

maintained for 5 days in B6.A2G-Mx1, but not B6-WT cells. 

To determine if long-term protection correlated with enhanced ISG expression, 

levels of ISG15, Mx1 and IFIT1 in B6-WT and B6.A2G-Mx1 fibroblasts were 

determined either 1 or 5 days after 3pRNA or ctrl RNA treatment (Figure 3.3 B). 

Using the 2-ΔΔCt method, 3pRNA-induced ISG expression in B6-WT and, to lesser 

extent, in B6.A2G-Mx1 fibroblasts at day 1 post-treatment, similar to results 

reported in Figure 3.2 A. Again, B6.A2G-Mx1 fibroblasts showed higher 

constitutive ISG expression in unstimulated conditions compared to B6-WT cells 

when 2-ΔCt ratios were examined (data not shown). Of interest, 5 days after 

3pRNA-treatment levels of ISG15, Mx1 or IFIT1 were not significantly higher than 

ctrl-treated cells for either B6-WT or B6.A2G-Mx1 fibroblasts. Together, these 
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data highlight the importance of a functional Mx1 protein for RIG-I agonists to 

mediate potent and long-lasting protection against IAV infection in primary lung 

fibroblasts in vitro. However, while B6.A2G-Mx1 fibroblasts showed higher 

constitutive ISG expression, we did not find a direct correlation between long-

lasting protection against IAV infection in B6.A2G-Mx1 fibroblasts and 

maintenance of 3pRNA-induced upregulation of the ISGs examined. 

 

 
Figure 3.3: Treatment of primary lung fibroblasts from B6-WT or B6.A2G-Mx1 
mice with RIG-I agonists inhibits IAV and induces Mx1-dependent long-term 
protection. Cells were transfected with RIG-I agonist (3pRNA, 200 ng/mL) or 
control RNA (ctrl RNA, 200 ng/mL). A) At 1 or 5 days after treatment cells were 
infected with HKx31 (MOI = 10), then fixed and stained for intracellular expression 
of the IAV NP at 8 hpi. Cells were analysed by flow cytometry. B) RNA was 
harvested either 1 (filled symbols) or 5 days (open symbols) after 3pRNA (red 
symbols) or ctrl RNA (black symbols) treatment. Expression of Mx1, ISG15 and 
IFIT1 was assessed by qRT-PCR. Expression was normalised to GAPDH and 
expressed as fold induction relative to untreated cells. Data represent the 
mean (± SD) from triplicate samples and are representative of 2 independent 
experiments. A two-way ANOVA with Bonferroni’s multiple comparison test was 
performed to compare 3pRNA and ctrl RNA treatment. *** = p<0.001; 
**** = p<0.0001; ns = not significant. 
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3.2.4 Intravenous injection of RIG-I agonist induces ISG expression in the 

lungs of B6-WT and B6.A2G-Mx1 mice 

Given that in vitro treatment of mouse cells and cell lines with RIG-I agonist 

induced upregulation of ISGs and protection against IAV infection and growth, we 

next investigated if a single i.v. injection of 3pRNA induced ISG upregulation in 

the lungs of naïve mice. For these studies, B6-WT and B6.A2G-Mx1 mice 

received a single i.v. injection with 3pRNA or ctrl RNA and, 1 or 5 days later, 

animals were euthanised, lungs were removed and RNA isolation was performed. 

RNA isolated from untreated animals was also included in the analyses. 

As for primary lung fibroblasts, qRT-PCR data for ISG15 and Mx1 was first 

analysed using the 2-ΔΔCt method to determine the fold change in each ISG after 

test conditions relative to unstimulated conditions, which was then normalised to 

GAPDH. These analyses demonstrated that ISG15 and Mx1 were potently 

induced in the lungs of B6-WT and B6.A2G-Mx1 mice 1 day after 3pRNA 

treatment (Figure 3.4 A). Although induction was variable between animals, 

levels were significantly higher after 3pRNA treatment compared to ctrl RNA 

treatment. At day 5 post-treatment, ISG levels were no longer significantly 

increased after 3pRNA treatment in either mouse strain, although we did observe 

a trend for upregulated expression of ISG15 and Mx1 in lungs from B6.A2G-Mx1 

mice.  

When examining Ct values for ISG expression in the lungs from untreated mice, 

it was noted that Ct values for ISG15 were very similar between B6-WT and 

B6.A2G-Mx1 mice whereas Ct values for Mx1 were markedly lower in lungs from 

B6.A2G-Mx1 mice compared to B6-WT mice (data not shown). Analysis of the 

relative expression of ISG compared to GAPDH using the 2-ΔCt method confirmed 

significantly increased expression of Mx1, but not ISG15, in B6.A2G-Mx1 lungs 

(Figure 3.4 B). We also determined the relative expression 1 and 5 days after i.v. 

injection with 3pRNA or ctrl RNA. In both B6-WT and B6.A2G-Mx1 mice, the 

highest relative expression of each ISG was observed following 3pRNA treatment 

(Figure 3.4 C). While relative expression after 3pRNA were similar for ISG15 in 

B6-WT and B6.A2G-Mx1 mice, Mx1 values were higher in B6.A2G-Mx1 mice. 
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These findings are consistent with relative expression patterns in primary lung 

fibroblasts from B6-WT and B6.A2G-Mx1 mice following 3pRNA treatment in vitro 

(Figure 3.2).  

Together, these data indicate that a single i.v. treatment with RIG-I agonist 

induces ISG expression in the lung tissue of both B6-WT and B6.A2G-Mx1 mice 

but that this induction is short-lived and does not remain significantly upregulated 

day 5 post-treatment in either mouse strain. Of note, our in vivo studies confirm 

increased constitutive expression of Mx1 in lungs of B6.A2G-Mx1 compared to 

B6-WT mice. 
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Figure 3.4: Intravenous RIG-I agonist treatment of B6.A2G-Mx1 and B6-WT mice 
results in ISG induction in lung tissue. Mice received a single i.v. injection with 
12.5 μg RIG-I agonist (3pRNA) or control (ctrl) RNA and, 1 or 5 days later, lung 
tissue was collected, total RNA was isolated and ISG expression determined by 
qRT-PCR. Lung tissue from untreated B6.A2G-Mx1 and B6-WT mice was also 
collected for RNA isolation. A) ISG expression 1 (filled symbols) or 5 days (open 
symbols) after 3pRNA (red symbols) or ctrl RNA (black symbols) treatment was 
normalised to GAPDH and expressed as fold induction relative to untreated. B) 
Relative ISG expression compared to housekeeping gene expression was 
determined in untreated samples by calculating 2-ΔCt values. C) Relative ISG 
expression 1 (filled symbols) or 5 days (open symbols) after 3pRNA (red symbols) 
or ctrl RNA (black symbols) treatment compared to GAPDH expression was 
determined by calculating 2-ΔCt values. Data represent the mean (± SD) for A) or 
the median for B) and C). Data are pooled from 2 independent experiments 
(n= 8-10 mice/group). A two-way ANOVA with Bonferroni’s multiple comparison 
test was performed to compare ISG induction between lungs from 3pRNA or ctrl 
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RNA-treated mice in A) and C) and a Student’s t-test was performed to compare 
B6.A2G-Mx1 and B6-WT mice in B). ** = p<0.01; *** = p<0.001; **** = p<0.0001; 
ns = not significant.  

 

3.2.5 Immune cell recruitment and cytokine and chemokine release in the lung 

after i.v. treatment of B6-WT and B6.A2G-Mx1 mice with 3pRNA 

To gain insight as to how i.v. 3pRNA treatment modifies the airways prior to IAV 

infection, we assessed the inflammatory environment in the lungs of B6-WT and 

B6.A2G-Mx1 mice 24 hrs after i.v. injection with 3pRNA or ctrl RNA. BALs were 

performed and immune cell infiltrates characterised by flow cytometry. We did not 

record significant differences in the number of total immune (CD45+) cells, or in 

numbers of neutrophils (CD11b+, Ly6G+), eosinophils (CD11b+, Siglec-F+, 

CD11c-, CD64-), NK cells (CD3-, NK1.1+), alveolar macrophages (CD11b+, 

Siglec-F+, CD11c+, CD64+) and pan-macrophages (CD11b+, Siglec-F-, CD64+), 

or in CD4+CD3+ or CD8+CD3+ T lymphocytes in BAL from 3pRNA or ctrl RNA 

treated animals in either mouse strain (data not shown).  

Next, we used a multiplex CBA assay to determine levels of inflammatory 

cytokines and chemokines in cell-free BAL fluid of naïve mice and of mice 24 hrs 

after treatment with 3pRNA or ctrl RNA. Analysis of individual mediators indicated 

that 3pRNA treatment resulted in significant upregulation of CXCL10 relative to 

naïve mice or ctrl RNA-treated mice (Figure 3.5). While there was a trend for 

enhanced CXCL10 induction by 3pRNA in B6-WT mice compared to B6.A2G-

Mx1 mice, this was not significant. Other inflammatory mediators tested that were 

below detection limit and/or not significantly upregulated after 3pRNA treatment 

were IFN-γ, CXCL1, TNF-α, CCL2, IL-12 p70, CCL5, IL-1β, GM-CSF, IL-10, 

IFN-β, IFN-α and IL-6 (data not shown). Of note, this analysis was done in the 

BAL at 24 hrs post-treatment and future analysis could also aim to detect 

inflammatory mediators at earlier time points in the blood.  

 Overall, we noted no significant differences between B6-WT and B6.A2G-Mx1 

mice in any of the inflammatory mediators tested. Our data confirm that 3pRNA 
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treatment is associated with upregulated levels of CXCL10 at 24 hrs post-

treatment in both B6-WT and B6.A2G-Mx1 mice.  

 

 
Figure 3.5: CXCL10 induction in BAL of B6-WT and B6.A2G-Mx1 mice after 
RIG-I agonist treatment. B6-WT and B6.A2G-Mx1 mice received a single i.v. 
injection of 12.5 μg RIG-I agonist (3pRNA) or control RNA (ctrl RNA) and, 24 hrs 
later, BAL was collected and analysed for cytokine and chemokine expression by 
CBA assay. BAL from untreated mice was included for comparison. Data show 
CXCL10 levels (mean ± SD) and are pooled from three independent experiments 
(n = 10-11 mice/group). A two-way ANOVA with Bonferroni’s multiple comparison 
test was performed to compare CXCL10 levels after 3pRNA to ctrl RNA 
treatment, or to untreated samples. * = p<0.05; ** = p<0.01; **** = p<0.0001; 
ns = not significant. 
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3.2.6 A single prophylactic treatment of B6.A2G-Mx1 but not B6-WT mice with 

3pRNA results in potent inhibition of IAV HKx31 infection 

Previous studies reported potent and long-lasting 3pRNA-mediated protection 

against IAV using B6.A2G-Mx1 mice (Coch et al., 2017). Moreover, our in vitro 

studies comparing B6-WT versus B6.A2G-Mx1 cells indicate that a functional 

Mx1 protein is the key determinant of both the potency and the duration of 

3pRNA-mediated protection against IAV. Therefore, we next aimed to compare 

the ability of 3pRNA treatment to provide protection against IAV infection using 

B6-WT versus B6.A2G-Mx1 mice.  

B6-WT and B6.A2G-Mx1 mice received a single i.v. injection with 12.5 µg of 

3pRNA or ctrl RNA and, 24 hrs later, were infected by the i.n. route with 104 PFU 

of the mouse-adapted HKx31 strain of IAV in 50 µL of PBS. First, weight loss was 

assessed over 10 days. As seen in Figure 3.6 A, infection of ctrl RNA-treated 

B6-WT mice resulted in marked weight loss over time whereas mice pre-treated 

with 3pRNA showed more modest weight loss. In contrast, IAV infection of 

B6.A2G-Mx1 mice did not result in weight loss, irrespective of 3pRNA or ctrl RNA 

treatment. Thus, while analysis of body weight indicated that 3pRNA 

pre-treatment provided some protection against IAV in B6-WT mice, B6.A2G-Mx1 

mice were markedly more resistant to HKx31 infection.  

In a second experiment, mice were euthanised at day 5 post-infection to analyse 

virus titres in the upper (nasal tissues) and lower (lungs) respiratory tract. As seen 

in Figure 3.6 B, 3pRNA pre-treatment of B6-WT mice resulted in a modest, but 

significant reduction in virus titres in the lung, but not in the nasal tissues. In 

contrast, 3pRNA treatment resulted in a potent and significant reduction in virus 

titres in both the nasal tissues and the lungs of B6.A2G-Mx1 mice. When 

comparing ctrl RNA-treated B6-WT versus B6.A2G-Mx1 mice, titres in nose and 

lung were reduced by ~2-logs (100-fold) compared to B6-WT mice, confirming 

the increased resistance of B6.A2G-Mx1 mice to IAV infection. When analysing 

the BAL of B6-WT and B6.A2G-Mx1 mice we found increased cell numbers of 

CD45+ cells, alveolar macrophages, CD4+CD3+ and CD8+CD3+ T lymphocytes in 

3pRNA and ctrl RNA-treated B6-WT mice compared to B6.A2G-Mx1 mice, 
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however due to large variations between animals this increase was not significant 

(data not shown). 
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Figure 3.6: Effect of a single intravenous treatment of B6-WT and B6.A2G-Mx1 
mice with RIG-I agonist on subsequent challenge with IAV strain HKx31. B6-WT 
and B6.A2G-Mx1 mice received a single i.v. injection of 12.5 μg RIG-I agonist 
(3pRNA) or control RNA (ctrl RNA) and, 24 hrs later, were infected by the i.n. 
route with 104 PFU of HKx31 (H3N2) in 50 μL of PBS. A) Mice were monitored 
daily and body weight was recorded. Data show the mean percent (± SEM) of 
weight change over time determined relative to original body weight 
(n = 5/group). B) At 5 dpi, nasal tissue and lungs were harvested, homogenised 
and virus titres in clarified homogenates were determined by plaque assay on 
MDCK cells (n = 4-5/group). Results are expressed as mean (± SD) and the 
dashed line represents the limit of detection for the plaque assay. Samples below 
the detection limit (<1.8 log10PFU/mL), were assigned values of 1.7 log10PFU/mL 
for statistical analysis. Data are representatives of two independent experiments. 
A two-way ANOVA with Bonferroni’s multiple comparison test was performed to 
compare virus titres after 3pRNA or ctrl RNA treatment and a Student’s t-test was 
performed to compare weight loss after 3pRNA or ctrl RNA treatment. 
** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 

3.2.7 A single prophylactic treatment with 3pRNA induces long-term protection 

from lethal PR8 infection in B6.A2G-Mx1 but not in B6-WT mice 

To determine if a single pre-treatment of 3pRNA provided long-lasting protection 

against subsequent IAV challenge, B6.A2G-Mx1 and B6-WT mice were treated 

at 1 and 5 days prior to challenge with 102 PFU (B6-WT) or 106 PFU 

(B6.A2G-Mx1) of the mouse virulent PR8 strain of IAV. Given the marked 
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resistance of B6.A2G-Mx1 observed following challenge with an equivalent dose 

of HKx31, we used a more virulent virus in both mouse strains and adjusted the 

inoculum dose to be higher for B6.A2G-Mx1 animals, with the aim of achieving 

more comparable weight loss between B6-WT and B6.A2G-Mx1 animals. As 

seen in Figure 3.7, 3pRNA treatment of B6-WT mice at day -1, but not -5, relative 

to PR8 challenge (102 PFU) resulted in less pronounced weight loss (Figure 
3.7 A, left panel) and improved survival rates (Figure 3.7 B, left panel). All 

B6-WT mice which received 3pRNA treatment at day -1 survived whereas only 

20 % (1/5) of those receiving ctrl RNA survived at 10 dpi. Most B6-WT mice 

challenged 5 days after treatment did not survive at 10 dpi, with survival numbers 

low following either 3pRNA (1/5) or ctrl RNA (2/5) treatment.  

Following infection with a high dose (106 PFU) of PR8, ctrl RNA-treated 

B6.A2G-Mx1 mice lost up to 15-20 % of their original body weight (Figure 3.7 A, 
right panel). Moreover, some ctrl RNA-treated animals from both -1 and -5 day 

treatment groups were euthanised due to excessive weight loss (3/5 and 4/5 for 

-1 and -5 day treatments, respectively) (Figure 3.7 B, right panel). In contrast, 

B6.A2G-Mx1 mice treated with 3pRNA at day -1 or -5 relative to PR8 infection 

showed negligible weight loss (Figure 3.7 A, right panel) and all mice (5/5) 

survived to 10 dpi (Figure 3.7 B, right panel).  
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Figure 3.7: A single intravenous treatment with RIG-I agonist results in potent 
and long-term protection of B6.A2G-Mx1 mice from subsequent challenge with 
PR8. B6-WT and B6.A2G-Mx1 mice received a single i.v. injection of 12.5 μg 
RIG-I agonist (3pRNA) or control RNA (ctrl RNA) either 1 or 5 days prior to i.n. 
infection with 102 PFU (B6-WT) or 106 PFU (B6.A2G-Mx1) of IAV strain 
PR8 (H1N1) in 50 μL of PBS. A) Mice were monitored daily and any mice that 
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had lost > 20 % of their original body weight were euthanised. Data shows the 
mean percent (± SEM) of weight change over time determined relative to original 
body weight. Data from 1 experiment (n = 5/group). B) Kaplan-Meier 10-day 
survival analysis. C) and D) At 5 dpi, nasal tissues and lungs were harvested, 
homogenised and virus titres in clarified homogenates were determined by 
plaque assay on MDCK cells. Data are expressed as mean ± SD (n = 4 - 5/group). 
Data are representative of 2 independent experiments. The dashed line 
represents the limit of detection. Samples below the detection limit (<1.8 
log10PFU/mL) were assigned a value of 1.7 log10PFU/mL for statistical analysis. 
In A), C) and D) a two-way ANOVA with Bonferroni’s multiple comparison test 
was performed to compare weight loss and viral titres after 3pRNA or ctrl RNA 
treatment. In B) a log-rank Mantel-Cox test was performed to compare survival 
rates after 3pRNA or ctrl RNA treatment. * = p<0.05; ** = p<0.01; *** = p<0.001; 
**** = p<0.0001; ns = not significant. 

 

In a second experiment, mice pre-treated with 3pRNA or ctrl RNA at day -1 or -5 

relative to PR8 challenge were culled at 5 dpi to determine virus titres in the 

respiratory tract. Consistent with data using HKx31 (Figure 3.6), 3pRNA 

treatment of B6-WT mice at day -1 relative to challenge resulted in a significant 

reduction in virus titres in the lungs, but not the nasal tissues (Figure 3.7 C, left 
panel), although this protective effect was lost when pre-treatment occurred 5 

days prior to challenge (Figure 3.7 D, left panel). In contrast, 3pRNA treatment 

at day -1 (Figure 3.7 C, right panel) or -5 (Figure 3.7 D, right panel) prior to 

challenge resulted in significantly reduced virus titres in both nasal tissue and 

lungs from B6.A2G-Mx1 mice. In fact, infectious virus could not be detected in 

lung and nasal tissue of B6.A2G-Mx1 mice when treated with 3pRNA at day -1 

and only very low titres were detected in mice treated with 3pRNA at day -5 

relative to PR8 infection. Together, these data indicate that RIG-I agonists 

mediate inhibition of IAV in vivo and that a functional Mx1 protein is required for 

induction of a potent and long-lasting protection. 
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3.2.8 Intranasal administration of 3pRNA prior to and after IAV infection of 

ferrets results in a modest reduction in viral shedding from the upper 

airways 

Ferrets are considered the gold standard animal model to study IAV infections as 

they are an outbred population, their respiratory physiology shows similarities to 

that of humans, they can be infected with human viruses without the need for 

prior adaptation and infected animals can show clinical signs of disease similar 

to that of humans (Oh et al., 2016). Moreover, our in vitro studies demonstrated 

that 3pRNA, but not ctrl RNA, treatment of FRL airway cells induced potent 

upregulation of different ISGs and this correlated with inhibition of IAV infection 

and replication (Figure 3.1).  

To our knowledge, the antiviral effectiveness of 3pRNA treatment against IAV in 

ferrets has not been reported. There were notable differences in experimental 

design between our studies in mice and in ferrets. First, we extrapolated the 

functional dose of 3pRNA required for IAV protection in mice such that ferrets 

received a weight-dependent dose of RIG-I agonist or ctrl RNA (Nair et al., 2016). 

Second, we aimed to assess the effectiveness of both intranasal (i.n.) and 

intravenous (i.v.) 3pRNA inoculation, given that i.n. represents a less invasive 

route that should also deliver 3pRNA locally to sites of IAV replication (i.e. the 

upper and lower airways). Third, we used a transmission model of influenza 

infection based on natural infection of household contacts to determine if 3pRNA 

treatment of ferrets could impact IAV transmission and also replication in the 

upper airways of infected animals. In this model, donor ferrets experimentally 

infected with IAV are co-housed with naïve recipient ferrets for 48 hrs (Oh et al., 

2014). Studies in our group have confirmed that using IAV strain 

A/Perth/265/2009 (H1N1pdm09) in this experimental design generally results in 

100 % transmission of IAV to recipient ferrets after co-housing for 48 hrs (Mifsud 

et al., 2020). In this design, our aim was to treat recipient ferrets with 3pRNA to 

determine impacts of virus transmission and growth. 

In our first experiment, naïve recipient animals received one dose of 3pRNA 

(0.3 mg/kg, n = 4/group) via the i.n. route in a volume of 500 µL (i) 24 hrs prior to 
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exposure to donor animals experimentally infected 1 day prior with 105 TCID50 of 

A/Perth/265/2009 (H1N1pdm09) or (ii) 24 hrs prior to exposure to infected donor 

animals, with a second dose 72 hrs later (i.e. at the completion of co-housing with 

donor ferrets). Due to limited animal numbers, the only ctrl RNA-treated animal 

group was one that received two doses. Recipient animals were then assessed 

daily for weight and temperature and daily nasal wash samples were collected 

until day 10 after the commencement of co-housing. The experimental overview 

of this ferret study is shown in Figure 3.8 A. 

Following co-housing with infected donors, ctrl RNA-treated animals showed a 

modest peak in temperature at day 4 (~39.5oC compared to ~38oC at day 0) 

which was significantly higher (p = 0.026) than animals which received two doses 

of 3pRNA (Figure 3.8 B, left panel). Ctrl RNA-treated animals showed some 

weight loss over time (~8 % relative to day 0), whereas animals which received 

one or two doses of 3pRNA showed weight gain or modest weight loss (<5 %), 

respectively (Figure 3.8 B, right panel). Note that weight loss over time between 

ctrl RNA-treated animals and 3pRNA-treated animals receiving one dose was 

significantly different (p <0.0001).  

Next, we determined titres of infectious virus in nasal wash samples from 

recipient animals. Infectious virus was detected in nasal wash samples from all 

recipient animals at 2 or more time points, confirming transmission to all naïve 

recipient animals (Figure 3.8 C). Area under the curve (AUC) analysis of virus 

titres was performed to determine the impact of 3pRNA treatment on virus 

shedding over time. Comparing AUC for 3pRNA- versus ctrl RNA-treated 

animals, no significant differences were observed (Kruskal-Wallis H test, 

p = 0.0997 for 1 dose 3pRNA: 9.941 ± 1.735 SD, p = 0.0620 for 2 doses 3pRNA: 

9.628 ± 1.876 SD, 2 doses ctrl RNA: 14.81 ± 1.323 SD). However, it did appear 

that 3pRNA-treated animals showed different characteristics in their viral 

shedding compared to ctrl RNA-treated animals, particularly at days 2-3 post 

co-housing. Comparison of viral titres on individual days between the different 

groups indicated that 3pRNA significantly reduced viral titres at day 2 post 

co-housing (Figure 3.8 D) (1 dose 3pRNA p = 0.0415, 2 doses 3pRNA p =0.0098) 
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and the 2 dose 3pRNA regimen also reduced viral titres in day 3 samples 

compared to ctrl RNA-treated animals (p = 0.0296). On day 5 post co-housing, 

viral titres after 1 dose of 3pRNA were also reduced (p = 0.022), whereas viral 

titres after 2 doses of 3pRNA were even increased at day 6 (p = 0.023). Virus 

titres were not significantly different between 3pRNA and ctrl RNA-treated 

animals on any other dpi (data not shown). Together, these data indicate that 

neither prophylactic (1 dose) nor prophylactic and therapeutic (2 doses) 

intranasal treatment of ferrets with RIG-I agonist prevented IAV transmission and 

treatment resulted in only a modest reduction in viral shedding from the upper 

respiratory tract.  
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Figure 3.8: Intranasal treatment of ferrets with 3pRNA prior to and after 
co-housing with IAV-infected donor animals results in a modest reduction in early 
viral shedding. A) Recipient animals (n = 4/group) received either one dose of 
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3pRNA (0.3 mg/kg) 24 hrs prior to co-housing or two doses of 3pRNA or ctrl RNA 
(0.3 mg/kg) 24 hrs prior to and 48 hrs after commencement of co-housing. 3pRNA 
or ctrl RNA were formulated in 500 µL. For co-housing, donor animals were 
experimentally infected via the i.n. route with 105 TCID50 of A/Perth/265/2009 
(H1N1pdm09) in 500 µL and, 24 hrs later, co-housed with naïve recipients. After 
48 hrs, donor animals were removed and recipients were kept for an additional 
14 days. B) Animals were assessed daily for temperature and body weight. Data 
show the mean percent (± SEM) of temperature or weight change over time 
relative to the original body weight of each animal. C) Titres of infectious IAV in 
nasal washes (days 1-9 post co-housing) from recipient animals were determined 
by TCID50 assay. D) Titres of infectious IAV in nasal washes from recipient 
animals on days 2 or 3 after the completion of co-housing. Dashed line represents 
limit of detection. Circles represent individual animals. Data in B) represent mean 
(± SEM), C) represent mean (± SD), D) represent mean. In B), a one-way ANOVA 
with Bonferroni’s correction was performed to compare day-to-day differences in 
temperature after 3pRNA versus control RNA treatment and a two-way ANOVA 
with Bonferroni’s correction was performed to compare weight change after 
3pRNA versus ctrl RNA treatment. In D), a one-way ANOVA with Bonferroni’s 
correction was performed to 3pRNA versus control RNA treatment. * = p<0.05; 
** = p<0.01; **** = p<0.0001; ns = not significant. 
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3.2.9 Intravenous treatment of ferrets with 3pRNA after experimental IAV 

infection results in reduced virus replication in the lung 

Intranasal administration of 3pRNA reduced viral shedding in nasal washes, 

however this effect was modest but significant on days 2 and 3 post co-housing 

(Figure 3.8). Intravenous RIG-I agonist treatment elicited potent and long-lasting 

protection from subsequent IAV infection in B6.A2G-Mx1 mice. Therefore, we 

next assessed the ability of intravenous delivery of 3pRNA to impact subsequent 

IAV infection of ferrets, making use of donor ferrets that were used to infect naïve 

recipient animals in experiments described above. Therefore, donor ferrets were 

experimentally infected via the i.n. route with 105 TCID50 of A/Perth/265/2009 

(H1N1pdm09) and, 3 days later received a single i.v. injection of 3pRNA or ctrl 

RNA (0.3 mg/kg, n = 3-4/group) (Figure 3.9 A). After an additional 2 days (i.e. 2 

days post-treatment, 5 dpi), animals were euthanised and titres of infectious virus 

were determined.  

As seen in Figure 3.9 B, 3pRNA treatment did not reduce titres of infectious virus 

in nasal tissues (p = 0.2311, 3pRNA: 4.532 ± 0.144 SD, ctrl RNA: 4.261 

± 0.315 SD), but did result in significant reductions in virus titres recovered from 

the lung (Figure 3.9 C, lung 1: p = 0.0127, 3pRNA: 0.449 ± 0.306 SD, lung 2: 

p = 0.0091, 3pRNA 0.349 ± 0.335 SD, lung 3: p =0.0075, 3pRNA: 0.299 ± 0.137 

SD, compared to ctrl RNA: 2.299 ± 1.499 SD). Note that virus titres were 

determined in individual lung lobes from each animal and data are presented as 

titres in lung lobes from individual 3pRNA-treated animals compared to titres in 

lobes from all ctrl RNA-treated animals. Together, these data provide evidence 

that i.v. 3pRNA treatment of ferrets mediates potent inhibition of IAV growth in 

the lungs. 
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Figure 3.9: A single intravenous injection of IAV-infected donor ferrets with 
3pRNA results in reduced virus replication in the lung, but not in the nose. A) 
Donor animals were infected via the i.n. route with 105 TCID50 of 
A/Perth/265/2009 (H1N1pdm09) in 500 µL. At 3 dpi, animals received an i.v. 
injection of 3pRNA or ctrl RNA (0.3 mg/kg). At 5 dpi (i.e. 2 days after treatment), 
ferrets were euthanised, and B) nasal tissue and C) lungs were collected, 
homogenised in PBS and virus titres in clarified homogenates were determined 
by TCID50 assay. Symbols represent in B) individual animals, or in C) single lung 
lobes, and bars represent the mean (± SD) viral titre. Data in C) show virus titres 
in individual lung lobes (5 per animal) from each 3pRNA-treated animal 
(n = 3/group) compared to a pool of lung lobes from all ctrl RNA-treated animals 
(n = 4/group). The dashed line represents the limit of detection. Samples below 
the detection limit (<0.2 log10TCID50/mL) were assigned values of 0.1 
log10TCID50/mL for statistical analysis. An unpaired Student’s t-test was 
performed to compare the viral load in respiratory tissue after 3pRNA or ctrl RNA 
treatment. * = p<0.05; ** = p<0.01; ns = not significant. 
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3.2.10 Ex vivo stimulation of ferret PBMCs with 3pRNA induces ISGs, but not 

other inflammatory cytokines  

As we planned towards further studies to investigate the effects of i.v. 3pRNA 

treatment on ISG induction and protection from IAV infection in ferrets, we first 

considered approaches to assess systemic ISG induction in ferrets. As a first 

step, we aimed to isolate ferret PBMCs from naïve animals, stimulate with 3pRNA 

in vitro and determine the spectrum of ferret chemokines, cytokines and ISGs 

induced 6 hrs later. Using this approach, 3pRNA treatment did not result in 

induction of IL-2, IL-4, IL-6, IL-20, IL-12p40 or TNF-α, while IFN-α and IFN-γ 

showed modest upregulation compared to ctrl RNA-treated PBMCs (Figure 
3.10). In contrast, the ISGs Mx1, OAS1 and ISG15 were all strongly upregulated 

in 3pRNA- compared to ctrl RNA-treated PBMCs. Note that statistical analyses 

were not performed on this preliminary experiment as each sample represents 

only 2 data points. Despite this, the results indicated that Mx1, OAS1 and ISG15 

represent appropriate ISGs to assess in future studies the systemic ISG induction 

following i.v. 3pRNA treatment in ferrets. 
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Figure 3.10: Ex vivo stimulation of ferret PBMC with 3pRNA induces ISG 
expression. PBMCs isolated from a naïve ferret were seeded at 106 cells/well in 
96-well tissue culture plates and transfected with 3pRNA or ctrl RNA (0.5 µg/mL) 
and incubated at 37°C. Total RNA isolated 6 hrs later was used to determine 
expression of ferret cytokines, chemokines and ISGs by qRT-PCR. Results were 
normalised to GAPDH and expressed as fold induction relative to untreated cells. 
Data represent the mean ± SD (n = 2). Note that statistical analyses were not 
performed due to the limited number of data points. 
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3.2.11 Intravenous administration of 3pRNA induces ISG expression in PBMC 

and lung tissue of ferrets 

Next, we assessed if i.v. 3pRNA administration resulted in systemic (i.e. in 

PBMCs) and/or local (i.e in lungs and/or nasal tissues) ISG induction in ferrets. 

Ferrets received a single i.v. injection of 3pRNA or ctrl RNA (0.3 mg/kg) and, 

24 hrs later, animals were euthanised and individual lung lobes, nasal cavities 

and whole blood were collected. Respiratory tissues were processed directly for 

RNA isolation while PBMCs were isolated from whole blood by Ficoll gradient 

separation before subsequent RNA isolation. Of note, PBMCs were also isolated 

from each animal prior to 3pRNA/ctrl RNA injection to obtain baseline levels of 

ISG expression for each animal. As seen in Figure 3.11 B (left panel), we 

detected robust and significant upregulation of Mx1 in PBMCs following i.v. 

injection of ferrets with 3pRNA, but not ctrl RNA (p = 0.03). Similar trends were 

observed for ISG15 (middle panel) and OAS1 (right panel), although these 

were not significant. As baseline ISG levels could not be determined in respiratory 

tissues, expression of Mx1, ISG15 and OAS1 in 3pRNA-treated ferrets were 

compared to animals treated with ctrl RNA. In these analyses, we compared 

corresponding lung lobes from different animals to account for any potential bias 

in 3pRNA delivery to particular sites in the lung following i.v. administration. 

Compared to ctrl RNA-treated animals, 3pRNA treatment resulted in potent and 

significant Mx1 induction (5-12 fold) in all lung lobes (Figure 3.11 C, left panel) 
whereas induction of ISG15 and OAS1 was more variable, but significantly 

enhanced in 2/5 and 3/5 lobes, respectively (Figure 3.11 C, middle and right 
panels). No significant differences in ISG expression (Mx1, OAS1 and ISG15) 

were detected in nasal cavities from animals treated with RIG-I agonist compared 

to those treated with ctrl RNA (Figure 3.11 A). Together, these data demonstrate 

that i.v. administration of RIG-I agonist results in induction of ISGs in PBMC and 

in lung tissue 24 hrs later. Of note, induction was significant at both sites when 

assessing Mx1 expression. 
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Figure 3.11: A single intravenous 3pRNA treatment of ferrets results in systemic 
upregulation of ISGs, as well as upregulation of ISGs in the lung. Ferrets received 
a single i.v. injection with 3pRNA or ctrl RNA (0.3 mg/kg). After 24 hrs, blood (for 
PBMC isolation) and respiratory tissues were collected for RNA isolation and then 
examined for expression of Mx1, ISG15 and OAS1 by qRT-PCR. A) ISG 
expression in nasal tissue. Data show the fold change in ISG expression, defined 
as the expression level in 3pRNA-treated animals compared to ctrl RNA-treated 
animals. B) ISG expression in PBMCs collected prior to i.v. injection (pre-
treatment) compared to levels 24 hrs after 3pRNA or ctrl RNA injection (post-
treatment). Levels of each ISG are expressed relative to GAPDH and each circle 
represents a single animal. C) ISG expression in individual lung lobes. Data show 
the fold change in ISG expression, defined as the expression level in 3pRNA-
treated animals compared to ctrl RNA-treated animals. Each circle represents a 
single animal. Image in C) adapted from (Chan et al., 2017). The horizontal line 
in B) represents the median value, bars shown in C) represent the mean ± SD 
(n = 4 animals/group). In A) and C) an unpaired Student’s t-test was performed 
to compare 3pRNA-treated compared to ctrl-RNA-treated animals of individual 
lung lobes or nasal tissue and in B) a paired Student’s t-test was performed to 
compare expression before (pre-) and after (post-) treatment. * = p<0.05; 
** = p<0.01; *** = p<0.001; ns = not significant. 
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3.2.12 A single intravenous injection of ferrets with 3pRNA at 24 hrs prior to IAV 

infection results in reduced virus replication in the lung 

We used the transmission model of influenza infection to confirm if 3pRNA 

treatment of ferrets could impact IAV replication in the upper airways and/or the 

lungs. Therefore, naive recipient ferrets received a single, i.v. injection of 3pRNA 

or ctrl RNA (0.3 mg/kg, n = 4/group) and, 24 hrs later were co-housed for 48 hrs 

with donor animals that had been experimentally infected with 105 TCID50 of 

A/Perth/265/2009 (H1N1pdm09) (Figure 3.12 A). Recipient animals were then 

assessed daily for weight and temperature, and daily nasal wash samples were 

collected. 5 days after commencement of co-housing (6 days after 3pRNA 

treatment), recipient animals were euthanised for collection of lung and nasal 

tissues. Notably, in a repeat experiment we also collected PBMCs from recipient 

animals immediately before and 24 hrs after 3pRNA/ctrl RNA injection to 

determine ISG expression.  

3pRNA- and ctrl RNA-treated ferrets showed slight weight loss over time (a 

maximum of 5-10 % relative to day 0 body weight) and a modest peak in 

temperature at day 4 post exposure (~38oC compared to ~37oC at day 0), 

however, no significant differences were recorded between groups (data not 

shown). In one of two independent experiments, we also collected PBMCs prior 

to and 24 hrs after 3pRNA/ctrl RNA injection (recipients (R) 5-8, marked with # 

Figure 3.12 B), noting that these samples were obtained before exposure to IAV-

infected donor animals. As seen in Figure 3.12 B, 3pRNA treatment resulted in 

upregulated ISG expression and this was significant for Mx1 (p = 0.0138) and 

OAS1 (p = 0.0365), confirming previous results (Figure 3.11). ISG15 expression 

showed a trend for increased expression in response to 3pRNA, however this 

was not significant (p = 0.1171). Note that large variations in relative ISG 

expression levels were observed, with one 3pRNA-treated animal showing 

negligible upregulation of ISG15 and OAS1 compared to ctrl RNA-treated 

animals.  

Next, we determined titres of infectious virus in nasal wash samples from 

recipient animals. Infectious virus was detected in nasal wash samples at one or 
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more days of sampling (Figure 3.12 C) and/or in nasal cavity samples collected 

at day 5 post exposure (Figure 3.12 D) from all 3pRNA- and ctrl RNA-treated 

animals, indicating that treatment did not prevent transmission of virus from 

donors to naïve recipients. Moreover, AUC analysis comparing viral titres in nasal 

wash samples from 3pRNA- and ctrl RNA-treated animals across all days 

indicated significant reductions in viral loads after 3pRNA treatment (p = 0.003, 

3pRNA: 8.062 ± 2.687 SD, ctrl RNA: 10.31, ± 2.259 SD, pooled from 2 

experiments). Titres of infectious virus were detected in the nasal cavity of 7/8 

3pRNA-treated animals euthanised 5 days after commencement of co-housing 

and these were not significantly different to those from ctrl RNA-treated animals 

(Figure 3.12 D, p = 0.3549, 3pRNA: 3.543 ± 2.129 SD, ctrl RNA: 4.449 ± 

1.626 SD).  

Finally, we determined virus titres in individual lung lobes from 3pRNA- and ctrl 

RNA- treated animals euthanised 5 days after commencement of co-housing. 

Across two independent experiments, 3pRNA treatment resulted in significantly 

reduced titres of infectious virus recovered from the lungs in 6/8 animals (Figure 
3.12 E and F). Infectious virus was detected in 1 or more lung lobes from all 8 

animals treated with ctrl RNA (28/38 lung lobes across the two experiments, 

noting that an error resulted in 2 lung lobes not collected for analysis). For 

3pRNA-treated ferrets, no virus was detected in any lung lobes of 2/8 animals 

(R5 # and R7 #) and low titres (<1 log10TCID50/mL) were recovered from 1/5 (R1), 

3/5 (R3), 2/5 (R4) and 3/5 (R8 #) 3pRNA-treated animals. However, virus was 

recovered from 4/5 and 5/5 lung lobes from 3pRNA-treated animals R2 and R6 # 

and the titres recovered were not significantly different to those from ctrl RNA-

treated groups. Of interest, when ISG induction in PBMCs was assessed we 

noted that high virus titres in R6 # correlated with the lowest induction of Mx1, 

ISG15 and OAS1 (Figure 3.12 B, black upright triangle “post-treatment”). 

Together, these data indicate that a single prophylactic i.v. treatment of ferrets 

with 3pRNA can induce systemic ISGs and reduce titres of infectious virus in the 

lungs of IAV-infected ferrets.  
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Figure 3.12: A single intravenous 3pRNA injection of ferrets at 24 hrs prior to 
co-housing with IAV-infected donor animals results in reduced virus replication in 
the lung, but not the nasal tissues. A) Recipient animals (n = 4/group) received a 
single intravenous injection of 3pRNA or ctrl RNA (0.3 mg/kg) 24 hrs prior to 
co-housing with IAV-infected donor animals. For co-housing, donor animals were 
experimentally infected via the i.n. route with 105 TCID50 of A/Perth/265/2009 
(H1N1pdm09) in 500 µL and, 24 hrs later, these animals were co-housed with 
naïve recipients. After 48 hrs, donor animals are removed and recipients are kept 
for an additional 3 days. Nasal wash samples were collected daily and animals 
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were euthanised at day 5 post-exposure for collection of nasal tissues and lung 
lobes. B) Whole blood was collected and PBMCs were isolated several (-X) days 
prior to (pre-treatment) and 24 hrs after (post-treatment) i.v. injection with 3pRNA 
or ctrl RNA. qRT-PCR was used to determine ISG levels, which are expressed 
relative to GAPDH. Each symbol represents a single animal and data are from a 
single experiment. C) and D) Titres of infectious virus in nasal washes (days 1 – 
5 post co-housing) and nasal tissues (day 5 post co-housing) from 3pRNA- or ctrl 
RNA-treated animals. Data are pooled from 2 independent experiments. Circles 
represent individual animals. E) and F) Titres of infectious virus in lung tissue 
from 3pRNA-treated recipient animals (R1 - 4 and R5 - 8 from independent 
experiments) compared to ctrl RNA-treated recipients. Each symbol represents 
individual lung lobes (5 per animal) from each 3pRNA-treated animal compared 
to a pool of lung lobes from the corresponding 4 ctrl RNA-treated animals in each 
experiment. Bars represent the mean (± SD) viral titre in lung lobes. The dashed 
line represents the limit of detection. Samples below the detection limit (<0.2 
log10TCID50/mL) were assigned values of 0.1 log10TCID50/mL for statistical 
analysis. Data in B) represent the median, data in C)- F) represent the 
mean ± SD. A paired Student’s t-test was performed in B) to compare ISG levels 
before and after 3pRNA or ctrl RNA treatment. In C)- F) a two-tailed Mann-
Whitney U test was performed to compare viral loads in nasal wash samples or 
respiratory tissue after 3pRNA or ctrl RNA treatment over time. * = p<0.05; 
ns = not significant. 
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3.3 Discussion 

RIG-I agonists are antiviral agents which induce innate immune signaling via 

type I and type III IFN pathways and show potential as antiviral agents against a 

variety of RNA and DNA viruses (Yong et al., 2018). In the present study we 

explored the function of synthetic RIG-I agonists as antiviral treatments for IAV 

infections in vitro and in vivo. We showed that 3pRNA treatment of airway cells 

from humans (A549), mice (LA-4) and ferrets (FRL) induced ISG expression and 

this correlated with significantly reduced IAV infection (measured by flow 

cytometry), as well as viral replication and release from infected cells (Figure 
3.1). IFN-α treatment of cells from different species also induced ISG levels and 

inhibited viral infection, consistent with the reported function of 3pRNA as a potent 

stimulator of the type I IFN pathway (Yoneyama et al., 2004). Host cells encode 

numerous intracellular proteins, including ISG proteins induced by IFNs, that can 

target different steps in the IAV replication cycle including virus entry, replication 

and/or exit (Villalón-Letelier et al., 2017). In our studies it is likely that RIG-I 

agonist treatment induces multiple ISG proteins to effectively inhibit IAV infection 

and virus growth. While others have reported that pre-treatment of A549 cells 

with 3pRNA mediates protection from subsequent IAV challenge (Chakravarthy 

et al., 2010; Lin et al., 2012; Goulet et al., 2013; Chiang et al., 2015), including 

with adamantane- and oseltamivir-resistant avian H5N1 (Ranjan et al., 2010), to 

our knowledge our studies are the first to confirm that RIG-I agonist pre-treatment 

also induces ISGs and inhibits IAV infection and growth in mouse cells, including 

primary lung fibroblasts, as well as in airway cells of ferret origin. 

To date, most in vivo studies evaluating the antiviral function of RIG-I agonists 

against IAV have been performed using laboratory mouse strains such as 

C57BL/6 and BALB/c which do not express a functional Mx1 protein, an ISG 

protein which is known to mediate potent anti-IAV activity (Verhelst et al., 2013). 

In general terms, these studies have reported that prophylactic, i.v. administration 

of RIG-I agonists can protect mice from subsequent challenge with different IAV, 

including H5N1 (Lin et al., 2012; Goulet et al., 2013; Chiang et al., 2015), however 

protection was generally quite modest when assessed at 24 hrs and the duration 
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of its effects were not reported. In contrast, one study from Coch et al. used 

B6.A2G-Mx1 mice to demonstrate potent and long-lasting protection from IAV 

following treatment with 3pRNA (Coch et al., 2017). To investigate these 

discrepancies further, we performed a direct comparison of the effects of 3pRNA 

pre-treatment on subsequent IAV infection in mice that do (B6.A2G-Mx1) or do 

not (B6-WT) express a functional Mx1.  

First, we used primary mouse fibroblasts to demonstrate potent upregulation of 

ISGs in response to 3pRNA treatment in B6-WT, but not B6.A2G-Mx1 cells using 

the 2-ΔΔCt method (Figure 3.2 A). However, subsequent analysis using the 2-ΔCt 

method (i.e. to examine ISG expression relative to GAPDH housekeeping gene) 

indicated that constitutive ISG expression was markedly elevated in 

B6.A2G-Mx1 cells and this likely contributes to the modest increase in ISGs 

following 3pRNA treatment when analysed using the 2-ΔΔCt method (Figure 
3.2 B and C). Next, we examined if 3pRNA treatment of fibroblasts from 

B6.A2G-Mx1 and B6-WT mice could provide long-term protection from IAV 

infection. While 3pRNA treatment one day prior to IAV infection protected both 

B6.A2G-Mx1 and B6-WT cells, potent protection was only maintained five days 

after treatment using B6.A2G-Mx1 cells (Figure 3.3 A). After one day, 3pRNA 

strongly induced ISG expression in B6-WT cells and, to a lesser extent in 

B6.A2G-Mx1 cells (Figure 3.3 B), with the latter result likely due to the high 

constitutive expression of at least some ISGs in B6.A2G-Mx1 cells. After five 

days, ISG expression in 3pRNA-treated cells from either mouse strain had 

returned to baseline levels. Given that RIG-I receptor signaling must be tightly 

controlled to promote antiviral defence whilst not inducing exaggerated 

inflammatory responses (Rehwinkel et al., 2020), it is not surprising that Mx1 

mRNA levels were not elevated at day 5 post-treatment. However, it is possible 

that Mx1 protein expression remains elevated and relatively stable in 

B6.A2G-Mx1 fibroblasts, such that it is able to mediate potent anti-IAV activity for 

many days after induction by 3pRNA treatment. Unfortunately, attempts to 

quantitate Mx1 expression in cell lysates by western blot were not successful. 

While protein turnover will be determined by the characteristics of both the cell 

type and the protein of interest, it is interesting to note that unpublished studies 
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from our laboratory using LA-4 cells with doxycycline-induced expression of Mx1 

showed that protein levels were not markedly reduced at 72 hrs after removal of 

doxycycline. In contrast, inducible expression of the ISGs IFITM1, IFITM2 and 

IFITM3 had returned to background levels 48 hrs after removal of doxycycline 

(personal communication, Prof. Patrick Reading, The University of Melbourne). 

These examples demonstrate that protein turnover is dependent on the particular 

protein evaluated, however, given the relatively slow turnover of Mx1 in LA-4 

cells, protein stability could be similar in primary fibroblasts and explain the RIG-I 

agonist-induced long-lasting protection from IAV infection.  

Next, we assessed RIG-I agonist mediated protection in vivo, first using a mouse 

model of infection. When we assessed the lung environment 24 hrs after naïve 

mice received a single i.v. dose of 3pRNA, we did not detect significant 

differences in inflammatory cells recruited to the airways of B6.A2G-Mx1 and 

B6-WT mice. Furthermore, CXCL10 was the only inflammatory mediator induced 

to significant levels in cell-free BAL fluids following 3pRNA, but levels were not 

significantly different between B6.A2G-Mx1 and B6-WT mice (Figure 3.5). 

Moreover, ISG induction in lung tissue following 3pRNA treatment of naïve mice 

showed similar patterns to our in vitro data using primary lung fibroblasts in that 

(i) Mx1 showed higher levels of constitutive expression in tissues from 

B6.A2G-Mx1 mice, (ii) ISGs (particularly Mx1) were induced in the lungs one day 

after 3pRNA treatment, but had largely returned to baseline levels five days after 

treatment for both mouse strains (Figure 3.4).  

A direct comparison of 3pRNA pre-treatment on subsequent IAV infection of 

B6.A2G-Mx1 and B6-WT mice one day later confirmed that while treatment was 

protective in both mouse strains (as assessed by IAV-induced weight loss and 

virus replication in the airways at day 5 post-infection), it was particularly potent 

in mice expressing a functional Mx1 protein (Figure 3.6 and Figure 3.7). Data 

obtained using ctrl RNA-treated animals also confirmed B6.A2G-Mx1 mice to be 

intrinsically less susceptible to IAV infection as evidenced by negligible weight 

loss and reduced virus titres 5 dpi following infection with an equivalent virus dose 
(Figure 3.6). These latter findings are consistent with numerous studies that have 
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reported the resistance of mice expressing functional Mx1 to IAV infection, 

including by H5N1 and pandemic IAV (Haller et al., 1981; Tumpey et al., 2007; 

Song et al., 2013). The novelty in our findings lies in a direct comparison of the 

effectiveness of 3pRNA pre-treatment against subsequent IAV infection in mice 

that do and do not express a functional Mx1. 

In subsequent studies using different doses of the mouse-adapted PR8 (adjusted 

to induce similar weight loss in the two mouse strains), we confirmed that 3pRNA 

pre-treatment either 1 or 5 days prior to PR8 challenge in B6.A2G-Mx1 mice 

resulted in potent protection as shown by less severe weight loss and increased 

survival (Figure 3.7), and this correlated with reduced virus titres in the lungs and 

nose of infected animals. In contrast, B6-WT mice were only protected when 

3pRNA treatment occurred 1 day before infection, resulting in increased survival 

and reduced virus titres in the lungs, although no differences in viral titres were 

noted in the nasal tissues. Overall, our findings regarding the effects of 3pRNA 

treatment of B6.A2G-Mx1 and B6-WT mice are consistent with our in vitro studies 

using primary fibroblasts, confirming the importance of a functional Mx1 protein 

for potent and long-term protection to subsequent IAV challenge. As we detected 

no major differences in inflammatory cells and mediators in BAL from the two 

mouse strains following 3pRNA treatment, we propose that the functional Mx1 is 

the primary mediator of potent and long-term protection against IAV. This is likely 

due to its direct antiviral effects against IAV, where the functional Mx1 is known 

to potently inhibit IAV replication, likely by disrupting interactions between 

components of the viral RNA polymerase to block transcription (Huang et al., 

1992; Pavlovic et al., 1992; Verhelst et al., 2012). Its higher constitutive mRNA 

expression in B6.A2G-Mx1 mice can be further boosted by 3pRNA treatment 

(Figure 3.4 C) and this likely results in increased expression of the functional 

protein. It is interesting to note that we observed enhanced constitutive 

expression of other ISGs in primary fibroblasts (IFIT1, ISG15) from B6.A2G-Mx1 

mice although this trend in mouse lung was not observed, however ISG15 was 

the only ISG examined. It is intriguing to speculate that expression of a functional 

Mx1 might also modulate expression of other ISGs. Further studies examining 

Mx1 expression in a range of different tissues from B6.A2G-Mx1 mice will be 
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necessary to assess if Mx1 mRNA levels are constitutively enhanced in other 

organs than the lung and if constitutive higher levels of a broader panel of ISGs 

or IFNs could be responsible for enhanced protection from viral infection.  

To date, no published studies have evaluated the antiviral potential of RIG-I 

agonists in ferrets. We used a natural transmission model where naïve recipient 

ferrets are co-housed for 2 days with H1N1pdm09-infected donor ferrets to 

examine the impact of 3pRNA treatment of recipient animals (either via i.n. or i.v. 

routes) on virus transmission and replication in the airways as well as virus 

replication in 3pRNA-treated donor animals. We also established assays to 

examine ISG induction in response to 3pRNA treatment in PBMCs and in lung 

and nasal tissues. Irrespective of treatment route or regimen for recipient animals, 

we detected infectious virus in nasal wash samples from recipient ferrets across 

all experiments, indicating that 3pRNA treatment does not limit onward 

transmission of IAV from donor to recipients under any of the conditions 

examined. When examining the effect of i.n. 3pRNA treatment, we did not detect 

an overall reduction in viral titres in nasal wash samples over time although in a 

day-to-day comparison we did observe a significant reduction in viral titres at days 

2 and 3 in one or both groups receiving i.n. 3pRNA (Figure 3.8 D). Thus, 

intranasal 3pRNA treatment of recipient ferrets did not prevent their ability to 

acquire IAV infection from donor animals (i.e. transmission) and had a modest, 

but significant effect in reducing virus shedding from recipient animals at early 

time points after treatment. It is tempting to speculate that 3pRNA treatment had 

minimal effect on viral shedding as viral load in nasal tissue was not affected by 

the treatment. In ferret studies, people have shown that reduced viral load in 

nasal tissue does (Toots et al., 2019) and does not (Marriott et al., 2014) correlate 

with reduced viral shedding. Toots et al. showed that IAV-infected ferrets 

therapeutically treated with a ribonucleoside analogue showed reduced viral 

shedding compared to control animals and this correlated with significantly 

reduced viral titres in the nasal tissue (Toots et al., 2019). Marriot et al. compared 

antiviral effectiveness of oseltamivir treatment in ferrets challenged with high or 

low dose of H1N1pdm09 A/California/04/2009 and they showed that oseltamivir 

treatment reduced viral shedding but not viral RNA load in nasal turbinates 
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(Marriott et al., 2014). However, they did detect reduced viral RNA load in trachea 

and lung tissue. One important ferret transmission study by Richard et al. showed 

that virus expelled from the upper respiratory tract rather than from trachea or 

lower airways is the site of generation of airborne IAVs, thus viral replication in 

the upper rather than in the lower respiratory tract is responsible for viral 

transmission (Richard et al., 2020). This would be in line with our finding that, 

while 3pRNA treatment efficiently reduces viral titres in the lung, minimal effects 

on viral shedding were observed and this indicates that the viral load in the nasal 

tissue but not the lung compartment affects viral shedding. 

Other studies to date have examined the impact of i.n. administration of IFN-α on 

IAV infection in ferrets. For example, Kugel et al. reported that prophylactic IFN-α 

reduced virus titres in the upper airways and in nasal wash samples from ferrets 

infected with H1N1 A/USSR/90/77 and repeated treatments substantially 

increased the protective effect (Kugel et al., 2009). However, while prophylactic 

i.n. IFN-α also reduced viral shedding from the upper airways at days 1 and 3 

after A/Vietnam/1203/2004 (H5N1) infection it did not increase survival, leading 

the authors to propose that this treatment is more effective against seasonal 

viruses that primarily replicate in the upper respiratory tract and not against 

viruses that disseminate to the lung. The administration volume (300 µL) may 

also be key here and a larger volume or an aerosolised administration might be 

more effective in promoting delivery to the lung. Similar considerations are also 

relevant if we were to pursue i.n. administration of 3pRNA in ferrets further. Of 

interest, some studies in mice have reported that administration of liquids by the 

i.n. route can exacerbate IAV infections, which has important implications for drug 

delivery. In the 1940s, Taylor reported that i.n. instillation of different fluids (e.g. 

distilled water or saline) into an IAV-infected mouse increased virus titres in the 

lungs as well as mortality (Taylor, 1941). This was confirmed in a more recent 

study which showed that i.n. treatment of IAV-infected mice with saline during 

A/Victoria/3/75 (H3N2) infection enhanced weight loss and mortality and 

promoted lung pathology (Smee et al., 2012). In studies not presented in this 

thesis, we also assessed the impact of a smaller i.n. inoculum of 3pRNA (50 µL 

compared to 500 µL in Figure 3.8) delivered on multiple days to recipient animals 
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(days -1, 1, 3, 5 and 7 relative to co-housing with infected donors) but did not 

observe a significant reduction in virus titres in nasal wash samples over time 

(data not shown).  

Intravenous (i.v.) administration of RIG-I agonists has been widely used to assess 

their effectiveness against IAV in mice, including in studies described in this 

thesis. Given that i.n. administration of 3pRNA afforded little protection against 

subsequent IAV infection in our first ferret study, we next assessed the 

effectiveness of i.v. RIG-I agonist administration. In a preliminary experiment, 

experimentally infected donor animals received i.v. 3pRNA at day 3 post-

infection, resulting in significantly reduced viral titres in the lungs, but not in the 

nose, at day 5 post-infection (Figure 3.9). Given these encouraging results, we 

focused on developing assays to examine ISG induction in response to i.v. 

3pRNA in PBMCs and in lungs and nasal tissues. These studies confirmed that 

24 hrs after i.v. 3pRNA treatment ISGs (particularly Mx1) were upregulated in 

PBMCs and lungs, but not in nasal tissue (Figure 3.11). In the final experiments 

in this chapter, recipient ferrets were treated via i.v. route with 3pRNA or ctrl RNA 

24 hrs prior to exposure to H1N1pdm09-infected donor ferrets (Figure 3.12 A). 

In a first experiment, daily nasal washes were performed before animals were 

euthanised and analysed at day 6 post-treatment (day 5 after co-housing 

commenced). In the repeat experiment (marked with “#”), PBMCs were isolated 

before and after 3pRNA treatment to confirm induction of ISGs, which was 

significant for Mx1 and OAS1 but not for ISG15 (Figure 3.12 B). As for i.n. 

treatment, i.v. 3pRNA did not block onward transmission of IAV from donor 

animals to any of the naïve recipient ferrets. However, 3pRNA treatment resulted 

in significantly reduced virus shedding over time in nasal wash samples (Figure 
3.12 C), but not in nasal cavities (Figure 3.12 D), and lung virus titres were 

significantly reduced in 6/8 3pRNA-treated animals (Figure 3.12 E and F). While 

we observed strong inhibition of virus growth in the lungs of 6/8 animals, no 

significant protection was observed in the remaining 2 animals.  

Analysis of ISG induction in PBMCs confirmed that virus ‘breakthrough’ seen in 

R6 # (i.e. no difference in lung virus titres between this 3pRNA-treated animal 
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and ctrl RNA-treated animals) correlated with the lowest levels of all three ISGs 

at 24 hrs post-treatment. Note that PBMCs from animal R2, which showed also 

no difference in virus titres compared to ctrl RNA-treated lungs, were not collected 

and not analysed. Thus, it is possible that differences in the effectiveness of i.v. 

delivery, and hence the initial treatment dose of 3pRNA, might differ between 

animals. It is also possible that the responses elicited to 3pRNA may wane over 

time and this would be impacted by the initial dose delivered. It may be that once 

3pRNA induced effects fall below a critical threshold the virus replication can 

‘bounce back’ effectively. Considering that virus titres are assessed 6 days after 

a single i.v. treatment with 3pRNA it is quite remarkable that reduced lung virus 

titres were recorded in 6/8 animals. It is also important to consider that ferrets are 

outbred animals and it is possible that ferrets which did not respond to 3pRNA 

treatment exhibit specific mutations that diminish RIG-I signaling and/or 

expression of RIG-I-induced antiviral effector proteins. For example, single-

nucleotide polymorphisms (SNPs) in DDX58 and IFIH1, the encoding genes for 

RIG-I and MDA5, respectively, have been described as gain-of-function 

mutations associated with autoimmune and inflammatory diseases such as 

Singleton-Merten syndrome and Aicardi-Goutières syndrome (Kasumba et al., 

2019). One study described loss-of-function mutations of RIG-I in human, 

however these mutations were associated with resistance to type I diabetes and 

to date no studies have described enhanced susceptibility to infection (Shigemoto 

et al., 2009).  

Overall, our studies in mice and ferrets confirm that a single i.v. 3pRNA treatment 

induces potent protection against subsequent IAV challenge, particularly in terms 

of reducing virus replication in the lungs.  
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4 Chapter: Evaluation of RIG-I agonists as antiviral in 
different models of RSV infection 
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4.1 Introduction  

RSV is one of the most important causes of respiratory disease worldwide, 

especially for children within their first 2 years of life. RSV is the most frequent 

causative agent of paediatric bronchiolitis and pneumonia and can result in acute 

lower respiratory infection (Piedimonte et al., 2014). While reducing the impact of 

RSV infection of the lower airways is particularly important, treatment options are 

limited and supportive care remains the mainstay of treatment.  

Airway epithelial cells are the primary targets of human RSV infection, but 

immune cells such as alveolar macrophages (AMs) and DCs are also susceptible 

to RSV (Sarmiento et al., 2002; Guerrero-Plata et al., 2006; Johnson et al., 2011). 

As discussed in previous chapters, viral nucleic acids are recognised by 

intracellular PRRs such as TLRs, RLRs and NLRs (Kell et al., 2015). RSV is 

detected by several different PRRs although the relative importance of each 

receptor is still a matter of debate (Marr et al., 2013). RLRs such as RIG-I and 

MDA5 have both been implicated in recognition of RSV (Liu et al., 2007; Bhoj et 

al., 2008; Loo et al., 2008; Gitlin et al., 2010; Grandvaux et al., 2014). Viral 

sensing by RIG-I and/or MDA5 triggers an intracellular signaling cascade to 

activate transcription factors IRF3, IRF7 and NF-κB, which ultimately induces 

transcription of type I and type III IFNs. Secreted IFNs induce expression of 

hundreds of ISGs, resulting in an ‘antiviral state’ in virus-infected and uninfected 

neighbouring cells (Schoggins et al., 2011b).  

In this chapter, we aimed to use synthetic agonists to target the RIG-I signaling 

pathway in vitro in cell lines from humans, mice and ferrets and in vivo using mice 

and ferrets, and to examine the impacts of this treatment on RSV infections. 

Prophylactic and therapeutic treatments using RIG-I agonists have shown 

promising results as antiviral agents against a number of viruses, including 

influenza A viruses (Ranjan et al., 2010; Goulet et al., 2013; Chiang et al., 2015; 

Coch et al., 2017). However, their effectiveness against other human respiratory 

viruses such as RSV is not clear. Herein, we use in vitro approaches to 

demonstrate that prophylactic treatment of airway cells from different species 

(human, mice and ferret) with a RIG-I agonist resulted in reduced susceptibility 
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to subsequent RSV infection and in decreased virus growth. We also used 

primary murine fibroblasts to define the importance of transcription factors IRF3/7 

and a functional IFNAR for RIG-I-mediated protection against RSV. Furthermore, 

we assessed the impact of a single prophylactic treatment with RIG-I agonist in 

mouse and ferret models of human RSV infection. Our findings confirm that a 

single i.v. injection of RIG-I agonist induced potent protection of the lower, but not 

the upper respiratory tract, in both mice and ferrets. Together, these in vitro and 

in vivo studies extend studies from the previous results chapter to highlight the 

potential of RIG-I agonists as an effective antiviral prophylactic treatment against 

additional respiratory viruses, including RSV. 

 

4.2 Results  

4.2.1 RIG-I agonist treatment before, but not after, inoculation with RSV 

inhibits virus infection and growth in A549 cells 

Previous studies using human A549 airway epithelial cells demonstrated that 

RIG-I agonists act as broad-spectrum antiviral agents against a range of viruses, 

including IAV, chikungunya virus, VSV, DENV, vaccinia virus and HIV-1 

(Chakravarthy et al., 2010; Ranjan et al., 2010; Goulet et al., 2013; Olagnier et 

al., 2014; Chiang et al., 2015; Coch et al., 2017). However, their ability to limit 

virus infection in cells from other mammalian species, including mice and ferrets, 

is less clear. Moreover, it is not known if RIG-I agonists are protective against 

RSV in cells from humans or other species. Therefore, human A549 cells were 

transfected with 3pRNA or ctrl RNA (200 ng/mL), cultured for 24 hrs and then 

inoculated with RSV (MOI = 1) for 1 hr at 37oC. After washing, cells were 

incubated an additional 17 hrs and stained for expression of RSV F protein at the 

cell surface by flow cytometry. Prophylactic treatment with 3pRNA resulted in a 

significant reduction in the percent of RSV-infected cells compared to ctrl RNA-

treated cells (Figure 4.1 A) using two different strains of RSV (Long and A2). To 

determine if 3pRNA treatment also impacted virus growth, A549 cells treated with 

3pRNA or ctrl RNA were infected 24 hrs later with a low inoculum dose 
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(MOI = 0.01) to allow for multiple cycles of viral replication. As newly-formed RSV 

virions often remain associated with host cells (Cifuentes-Muñoz et al., 2018), we 

harvested total virus (i.e. virus in culture supernatant as well as cell-associated 

virus) by snap-freezing tissue culture plates. After thawing, titres of infectious 

virus in clarified supernatants were determined by standard VS assay (Chan et 

al., 2017). As seen in Figure 4.1 B, pre-treatment with 3pRNA resulted in 

significantly reduced virus titres compared to ctrl RNA-treated cells, which 

supported high virus titres at 24-72 hpi. 

To assess the therapeutic potential of RIG-I agonists against RSV infection, A549 

cells were inoculated with RSV Long (MOI = 1), then treated with 3pRNA or ctrl 

RNA (200 ng/mL) either 1 hr or 3 hrs after virus inoculation. Flow cytometry was 

then performed at 18 hpi to detect cells expressing RSV F protein, as described 

above. Therapeutic treatment of cells with 3pRNA did not reduce the percentage 

of infected cells when compared to ctrl RNA-treated cells, irrespective of whether 

treatment occurred at 1 hr or 3 hrs after virus inoculation (Figure 4.1 C). As 

expected, pre-treatment of A549 cells with RIG-I agonist resulted in a marked 

reduction in the percent of RSV-infected cells. 

To assess if RIG-I agonist has therapeutic potential to prevent RSV spread, A549 

cells were inoculated with a low inoculum dose of RSV (MOI = 0.1) and then 

treated with 3pRNA or ctrl RNA at 24 hrs post-infection. After an additional 17 hrs 

(i.e. at 41 hpi), cells were harvested and stained for RSV F protein. In this 

experimental approach, therapeutic 3pRNA treatment did not reduce the 

percentage of RSV-infected cells compared to ctrl RNA-treated cells (Figure 
4.1 D), indicating that 3pRNA treatment did not inhibit RSV spread in the culture, 

at least under the experimental conditions described.  

To confirm that the antiviral activity of 3pRNA against RSV was mediated via 

RIG-I receptor signaling, two clones of RIG-I knockout (KO) A549 cells (a kind 

gift from Dr. Ann Kristin Bruder, University of Bonn, Bonn, Germany) were treated 

with 3pRNA or ctrl RNA prior to infection with RSV Long or A2. Flow cytometry 

confirmed that 3pRNA treatment of A549 RIG-I KO #2 did not reduce the percent 

of RSV-infected cells at 18 hpi although a modest, but significant reduction in 
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infected cells was observed using the A2, but not the Long strain of RSV using 

A549 RIG-I KO #1 (Figure 4.1 E). It was surprising to see that despite the RIG-I 

KO genotype, 3pRNA treatment resulted in a small inhibitory effect in A549 

RIG-I KO #1. It is unclear why 3pRNA had some effects in A549 RIG-I KO #1 but 

not in A549 RIG-I KO #2. In general it is known that during the in vitro synthesis 

of 3pRNAs other side product such as simulators of TLR signalling could be 

generated which possess possible stimulatory functions. Despite this 

discrepancy it is still obvious that the protective effects induced by 3pRNA 

treatment were clearly diminished in both RIG-I KO clones when compared to WT 

cells and clearly, 3pRNA treatment of A549 RIG-I KO cells did not result in potent 

inhibition of RSV growth over time (Figure 4.1 F). These experiments confirm the 

critical role of RIG-I in 3pRNA-mediated protection of A549 cells against 

subsequent RSV infection. 
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Figure 4.1: Treatment of human airway epithelial A549 cells with RIG-I agonists 
inhibits RSV infection and replication. A549 cells were transfected with RIG-I 
agonist (3pRNA, 200 ng/mL) or control RNA (ctrl RNA, 200 ng/mL). A) After 
24 hrs, A549 WT cells were inoculated for 1 hr at 37oC with RSV Long or RSV 
A2 (MOI = 1), washed and incubated an additional 17 hrs before cells were fixed 
and stained for cell surface expression of the viral RSV F protein. Cells were 
analysed by flow cytometry. B) After 24 hrs, A549 WT cells were inoculated for 
1 hr with RSV Long (MOI = 0.01), washed and incubated at 37oC. After 8 hrs, 
24 hrs, 48 hrs or 72 hrs, tissue culture plates were snap-frozen, then thawed and 
titres of infectious virus were determined in clarified supernatants using a VS 
assay on HEp-2 cells. The dashed line represents the limit of detection. 
C) Transfection was performed 24 hrs prior (24 hrs pre) or either 1 hr or 3 hrs 
after (1 hr post/ 3 hrs post) infection with RSV Long (MOI = 1) as above. Cells 
were fixed and stained for cell-surface RSV F protein at 18 hpi and analysed by 
flow cytometry. D) Transfection was performed either 24 hrs prior (24 hrs pre) or 
24 hrs after (24 hrs post) infection with RSV Long (MOI = 0.1). Cells were fixed 
and stained for cell-surface RSV F protein at 18 hpi and analysed by flow 
cytometry. E) A549 RIG-I KO cells (clone #1 and clone #2) inoculated with RSV 
Long (MOI = 1) were fixed and stained for cell-surface surface RSV F protein at 
18 hpi and analysed by flow cytometry. F) A549 RIG-I KO cells (clone #1 and 
clone #2) were inoculated with RSV Long (MOI = 0.01) for 1 hr, washed and 
incubated at 37oC. After 8 hrs, 24 hrs, 48 hrs or 72 hrs, tissue culture plates were 
snap-frozen, then thawed and titres of infectious virus were determined in clarified 
supernatants using a VS assay on HEp-2 cells. The dashed line represents the 
limit of detection. Data from all represent the mean (± SD) from triplicate samples 
and are representative of 2 independent experiments. An unpaired Student’s t-
test was performed to compare 3pRNA and ctrl RNA treatment for each time point 
in B) and F). A two-way ANOVA with Bonferroni’s correction was performed to 
compare 3pRNA and ctrl RNA treatment in A), C), D) and E). * = p<0.05; 
** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 
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4.2.2 RIG-I agonist pre-treatment of mouse LA-4 airway epithelial cells results 

in RIG-I-dependent inhibition of RSV 

Next, we assessed the impact of RIG-I agonist treatment on RSV infection of 

murine cells. First, a mouse epithelial lung adenoma cell line (LA-4) was 

transfected with 3pRNA or ctrl RNA (200 ng/mL), followed by RSV infection 

(MOI = 1) 24 hrs later and the percentage of RSV-infected cells was determined 

at 18 hpi by flow cytometry. In these studies we used recombinant RSV Long and 

A2 viruses expressing green-fluorescent protein (GFP), as described in Materials 

and Methods. Prophylactic treatment with 3pRNA resulted in significant 

reductions in the proportion of RSV-infected cells for both strains (Figure 4.2 A). 

To determine if prophylactic 3pRNA treatment also inhibited RSV growth, LA-4 

wells were treated with 3pRNA or ctrl RNA and then 24 hrs later infected with 

RSV (MOI = 0.01). After washing, total virus was harvested by snap-freezing 

tissue culture plates and, after thawing, virus titres in clarified supernatants were 

determined by VS assay. Pre-treatment of LA-4 cells with 3pRNA completely 

abolished growth of infectious RSV, whereas ctrl RNA-treated cells supported 

virus growth at 24-72 hpi (Figure 4.2 E).  

To gain insight regarding the role of RIG-I agonist-induced type I IFN signaling, 

LA-4 cells were treated with 3pRNA or ctrl RNA and cell supernatants harvested 

24 hrs later were analysed for IFN-α by ELISA. In these studies, 3pRNA but not 

ctrl RNA treatment resulted in high levels of IFN-α secretion (Figure 4.2 B). Next, 

we attempted to generate RIG-I knockout cells using CRISPR/Cas9, however this 

approach was unsuccessful. LA-4 cells showed extremely poor survival rates 

after electroporation with Cas9-plasmids and cell sorting. Further investigation 

revealed that LA-4 cells are reported to possess an unstable and polyploid 

karyotype (ATCC, 2021), and possess up to 256 chromosomes and not the 40 

chromosomes which is considered to be normal in mice (Hernandez et al., 1999). 

To successfully generate CRISPR/Cas9 KO cells it would be necessary to disrupt 

the target sequence in all of the several alleles present in these cells. 

As an alternative, we next generated a lentiviral pLKO.1 vector for expression of 

shRNAs targeting RIG-I mRNA expression. This vector also expresses a 
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puromycin resistance gene to allow for selection of lentiviral-transduced cells with 

stable shRNA expression. Two pLKO.1 vectors with distinct targets in RIG-I 

(RIG-I shRNA 1 and RIG-I shRNA 2) were included in our experiments. LA-4 cells 

were also transduced with shRNA ctrl, a control vector containing a non-hairpin 

insert, to generate an appropriate control cell line. Stably transfected cell lines 

were then generated by culture in the presence of puromycin.  

To assess if knockdown and control cell lines induce ISGs upon 3pRNA 

stimulation, we treated cells with 3pRNA or ctrl RNA and assessed ISG15 

expression 6 hrs later by qRT-PCR. Treatment with 3pRNA induced potent 

upregulation of ISG15 in LA-4 shRNA ctrl cells, however little was induced in the 

LA-4 RIG-I shRNA 1 and RIG-I shRNA 2 cells, indicating that RIG-I knockdown 

was successful (Figure 4.2 C). For infection experiments, cell lines were then 

treated with 3pRNA or ctrl RNA prior to infection with RSV Long (MOI = 2) and 

the percentage of RSV-infected cells was determined by flow cytometry (Figure 
4.2 D). 3pRNA treatment potently reduced the percentage of RSV-infected LA-4 

shRNA ctrl cells, whereas this effect was less pronounced, but still significant in 

LA-4 RIG-I shRNA 1 cells. However, the other knockdown cell line (LA-4 pLKO.1 

shRNA RIG-I 2) showed reduced susceptibility to RSV infection and this was not 

significantly different following 3pRNA or ctrl RNA treatment (Figure 4.2 D). 

Given differences in the percent of RSV infection between knockdown cell lines, 

we also determined the fold reduction of RSV-infected cells following 3pRNA 

treatment in each cell line. Compared to ctrl RNA-treated cells, 3pRNA treatment 

resulted in a ~5-fold reduction in LA-4 shRNA ctrl control cells, a ~1.5-fold 

reduction in LA-4 RIG-I shRNA 1 cells and a ~1.7-fold reduction in LA-4 RIG-I 

shRNA 2 cells. These results indicate that when assessing the effect of 3pRNA 

pre-treatment on subsequent RSV infection, the impact of shRNA knockdown of 

RIG-I in LA-4 cells is not as pronounced as following CRISPR/Cas9 knockout in 

A549 cells. Moreover, our results imply that RIG-I knockdown might be more 

effective in LA-4 RIG-I shRNA 1 compared to LA-4 RIG-I shRNA 2 cells. Taken 

together, our results indicate that 3pRNA treatment inhibits RSV infection and 

growth in LA-4 cells and that RIG-I knockdown reduces the potency of inhibition.  
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4.2.3 RIG-I agonist pre-treatment of primary mouse lung fibroblast results in 

IFN-dependent inhibition of RSV 

As little is known regarding mechanism of RIG-I agonist-mediated inhibition of 

RSV, particularly in mice, we isolated and cultured fibroblasts derived from the 

lungs of mouse strains which differ in their ability to express particular host factors 

relevant to RNA virus infection. First, we isolated fibroblasts from mice which 

lacked transcription factors IRF3/7 (IRF3/7-/-) or the type I IFN receptor 2 

(IFNAR2-/-) and compared them to fibroblasts from WT-B6 animals. Cells 

pre-treated with 3pRNA or ctrl RNA (200 ng/mL) were infected 24 hrs later with 

RSV Long (MOI = 1) and the percentage of virus-infected cells was determined 

(Figure 4.2 F). Compared to ctrl RNA-treatment, 3pRNA treatment of cells from 

WT animals resulted in a ~3-fold reduction in the percentage of RSV-infected 

cells (i.e. from 29.3 ± 10.7 % SD to 10.9 % ± 2.0 SD). Interestingly, ctrl RNA-

treated cells from IRF3/7-/- and IFNAR2-/- animals were markedly more 

susceptible to RSV infection compared to WT cells, highlighting the importance 

of intact IRF3/7 and IFN signaling pathways against RSV in mouse cells. 

Moreover, 3pRNA treatment of IFNAR2-/- cells was not associated with reduced 

RSV infection and 3pRNA-treatment of IRF3/7-/- cells resulted in a modest 

reduction in RSV infection, however this was not significant (Figure 4.2 F). Thus, 

these data confirm the critical role of type I IFN signaling pathways in RIG-I 

agonist-mediated protection against RSV in mouse cells. 

In Chapter 3 we used fibroblasts from B6.A2G-Mx1 and B6-WT mice which do, 

and do not, express functional Mx1 proteins (Haller et al., 2015) to demonstrate 

that following pre-treatment with 3pRNA, expression of a functional Mx1 protein 

was required for potent and long-lasting protection against IAV. In contrast, there 

are no studies to date which report an antiviral function of Mx1 proteins against 

RSV. To determine if Mx1 might modulate 3pRNA-mediated inhibition of RSV, 

we pre-treated mouse lung fibroblasts from B6.A2G-Mx1 and B6-WT mice with 

3pRNA or ctrl RNA (200 ng/mL) and, 24 hrs later, infected them with RSV. As 

seen in Figure 4.2 G, 3pRNA treatment resulted in a modest but significant 

reduction in the percentage of RSV-infected B6-WT cells at 18 hpi. Surprisingly, 
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fibroblasts from B6.A2G-Mx1 mice showed higher levels of RSV-infected cells 

after ctrl RNA treatment and infection levels were potently reduced by 3pRNA 

treatment (Figure 4.2 G). Despite differences in the percent of infected cells 

between mouse strains following ctrl RNA treatment, it was clear that 3pRNA 

treatment was particularly potent in inhibiting RSV infection of cells from 

B6.A2G-Mx1 mice suggesting that expression of a functional Mx1 protein might 

exert direct or indirect antiviral effects against RSV in primary mouse fibroblasts. 
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Figure 4.2: Treatment of a mouse airway epithelial (LA-4) cell line or primary 
mouse lung fibroblasts with RIG-I agonists inhibits RSV infection in an 
IFN-dependent manner. Cells were transfected with RIG-I agonist (3pRNA, 
200 ng/mL) or control RNA (ctrl RNA, 200 ng/mL) and cultured for 24 hrs. A) LA-4 
cells were then infected with RSV Long-GFP or A2-GFP (MOI = 1), fixed at 18 hpi 
and analysed by flow cytometry. B) LA-4 cell culture supernatants harvested 
24 hrs after transfection were assessed for IFN-α by ELISA (pg/mL). C) After 
6 hrs, total RNA was isolated from LA-4 control (shRNA ctrl) or LA-4 RIG-I 
knockdown cells (RIG-I shRNA 1 and RIG-I shRNA 2) and the expression of 
ISG15 was assessed by qRT-PCR. Levels were normalised to GAPDH and 
expressed relative to untreated cells. D) LA-4 control (shRNA ctrl) or LA-4 RIG-I 
knockdown cells (RIG-I shRNA 1 and RIG-I shRNA 2) were then infected with 
RSV Long (MOI = 2) and cells were fixed and stained for intracellular expression 
of the RSV NP at 18 hpi. Cells were analysed by flow cytometry. E) LA-4 cells 
were then infected with RSV Long (MOI = 0.01), washed and incubated at 37oC. 
At various time points, tissue culture plates were snap-frozen, then thawed and 
titres of infectious virus were determined in clarified supernatants using a VS on 
HEp-2 cells. The dashed line represents the limit of detection. Samples below the 
detection limit (<1 log10 VS/mL) were assigned values of 0.9 log10 VS/mL for 
statistical analysis. F) Primary lung fibroblasts from C57BL/6 (WT), 
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IRF3/7-deficient (IRF3/7-/-) or IFNAR2-deficient (IFNAR2-/-) mice were then 
infected with RSV Long (MOI = 10) and cells were fixed and stained for 
intracellular expression of the RSV NP at 18 hpi. Cells were analysed by flow 
cytometry. G) Primary lung fibroblasts from B6-WT or B6.A2G-Mx1 mice were 
then infected with RSV Long (MOI = 10 or 20, as indicated) and cells were fixed 
and stained for intracellular expression of the RSV NP at 18 hpi. Cells were 
analysed by flow cytometry. Data from all represent the mean (± SD) from 
triplicate samples and are representative of 2 independent experiments except 
for D), where one experiment was performed. An unpaired Student’s t-test was 
performed to compare 3pRNA and ctrl RNA treatment in B) and for each time 
point in E). A two-way ANOVA with Bonferroni’s correction was performed to 
compare 3pRNA and ctrl RNA treatment in A), C), D), F) and G). * = p<0.05; 
** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 

 

4.2.4 A single prophylactic treatment of mice with 3pRNA results in potent 

inhibition of RSV replication in the lung 

The impact of a single prophylactic treatment of RIG-I agonist on subsequent 

RSV infection of mice was assessed using a Bioluminescence imaging system. 

Here, we used an engineered RSV Long virus expressing a Renilla firefly 

luciferase between its P and M gene (Rameix-Welti et al., 2014). The firefly 

luciferase enzyme oxidises the D-luciferin substrate in the presence of Mg-ATP 

and O2 to oxyluciferin, a process which leads to photon emission (Ji et al., 2020). 

Using this approach, RSV infection can be detected and quantified over the 

course of infection without the need to euthanise animals as is normally required 

to determine virus titres in the respiratory tract. BALB/c mice have been reported 

to display an increased susceptibility to RSV compared to C57BL/6 mice (Prince 

et al., 1979). Moreover, BALB/c mice exhibit no pigment in fur or skin and 

therefore show enhanced sensitivity to bioluminescence detection, as well as 

reduced nonspecific photon adsorption (Stabenow et al., 2010). 

BALB/c mice received a single i.v. injection with 12.5 μg RIG-I agonist (3pRNA) 

or control RNA (ctrl RNA) and, 24 hrs later, were infected by the i.n. route with 

105 infectious particles (determined by VS assay) of rHRSV-Luc in 50 μL of PBS. 

Bioluminescence was then measured at 3 and 5 days post infection (dpi). As 

seen in Figure 4.3 A, bioluminescence was detected in the respiratory tract of all 

animals from 3pRNA- and ctrl RNA-treated groups at both time points. Luciferase 
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activity was quantified as average radiance (photons/s/cm2/sr) and compared 

between groups for nasal (upper respiratory tract) and lung (lower respiratory 

tract) regions (Figure 4.3 B). Compared to ctrl RNA, 3pRNA treatment did not 

reduce luciferase activity in the upper respiratory tract at either 3 or 5 dpi. 

However, luciferase activity in the lungs was significantly reduced after 3pRNA 

treatment at both 3 and 5 dpi. Mice were euthanised and tissues from the upper 

and lower respiratory tract were assessed at 5 dpi for titres of infectious RSV. 

Consistent with bioimaging results, 3pRNA treatment significantly reduced the 

viral load in the lungs, and not in the nasal tissues (Figure 4.3 C). These data 

indicate that pre-treatment of mice with RIG-I agonist results in potent inhibition 

of RSV in the lung, but not in the nasal tissue.  
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Figure 4.3: A single intravenous treatment of mice with RIG-I agonist results in 
reduced RSV growth in the lung, but not in the nasal tissues. BALB/c mice 
received a single i.v. injection with 12.5 μg RIG-I agonist (3pRNA) or control (ctrl) 
RNA and, 24 hrs later, were infected by the intranasal route with 105 infectious 
particles of rHRSV-Luc in 50 μL PBS. A) Bioluminescence was assessed 
following i.p. injection of 2 mg D-luciferin at 3 and 5 dpi using an IVIS imaging 
system. B) Bioluminescence of nasal and lung regions were quantified and 
defined as the average radiance per sum of the photons per second from each 
pixel inside the region of interest/number of pixels (p/s/cm2/sr). C) At 5 dpi, nasal 
tissues and lungs were harvested, homogenised and virus titres in clarified 
homogenates were determined by plaque assay on HEp-2 cells. Results are 
expressed as mean ± SD (n = 5/group). Data are representative of 2 independent 
experiments. Dashed line represents the limit of detection for the plaque assay. 
Unpaired Student’s t-test was performed to compare light emission in B) and viral 
titres of respiratory tissue in C) after 3pRNA or ctrl RNA treatment. * = p<0.05; 
*** = p<0.001; **** = p<0.0001; ns = not significant. 
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4.2.5 RIG-I agonist treatment of ferret airway cells inhibits RSV infection and 

growth 

To assess the impact of RIG-I agonist treatment on a ferret airway cell line (FRL), 

cells transfected with 200 ng/mL RIG-I agonist (3pRNA) or control RNA (ctrl RNA) 

were subsequently infected with GFP-labelled RSV Long or A2 viruses, followed 

by flow cytometry at 18 hpi. As seen in Figure 4.4 A, pre-treatment with 3pRNA 

significantly and potently reduced the percentage of RSV-infected cells. Next, we 

assessed the impact of 3pRNA on RSV replication and growth in FRL cells. 

Following pre-treatment with 3pRNA or ctrl RNA, cells were infected 24 hrs later 

with a low MOI of 0.01 and samples were harvested at various time points by 

snap-freezing tissue culture plates to determine total virus titres (i.e. 

cell-associated plus released virus). While both RSV Long and A2 strains were 

able to replicate and grow in ctr RNA-treated FRL cells at 24-72 hpi, pre-treatment 

with 3pRNA completely abolished growth of either strain (Figure 4.4 B). These 

findings confirm FRL cells are susceptible to RSV infection and that this is 

potently inhibited by pre-treatment with 3pRNA. 

To confirm the importance of RIG-I signaling for the anti-RSV activity of 

3pRNA-treatment in ferret cells, we prepared RIG-I knockdown FRL cell lines. 

FRL cells were transfected with lentiviral pLKO.1 vectors expressing shRNAs 

targeting RIG-I mRNA (RIG-I shRNA 1 and RIG-I shRNA 2) or with a control 

plasmid containing a non-hairpin insert (shRNA ctrl, as used in Figure 4.2 for 

mouse cell lines). To assess if knockdown and control cell lines induce ISGs upon 

3pRNA stimulation, we treated cells with 3pRNA or ctrl RNA. We also treated 

cells with recombinant ferret IFN-α to confirm that type I IFN-signaling pathways 

were still intact in lentivirus transduced cells. qRT-PCR was used to assess ISG 

expression 6 hrs later. 

Treatment with 3pRNA induced potent upregulation of ISG15 in FRL pLKO.1 

control cells as expected however little was induced in RIG-I shRNA 1 or RIG-I 

shRNA 2 cells (Figure 4.4 C). Cells treated with ferret IFN-α induced potent 

ISG15 expression in all ferret cell lines, confirming that shRNA generation did not 

impact ISG induction following IFNAR stimulation. In human and mouse, CCL5 
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is induced by RIG-I agonist, but not IFN-α (Ohmori et al., 1997; Imaizumi et al., 

2010). Similarly, we found that CCL5 was induced by 3pRNA, but not by ferret 

IFN-α, in ferret shRNA ctrl cells whereas minimal induction was observed in RIG-I 

shRNA 1 and RIG-I shRNA 2 cells (Figure 4.4 C).  

Knockdown and control cell lines were then pre-treated with 3pRNA or ctrl RNA 

and, 24 hrs later, infected with RSV Long (MOI = 2) and the percentage of 

RSV-infected cells was determined at 18 hpi. As seen Figure 4.4 D, 3pRNA 

treatment significantly reduced the proportion of RSV-infected cells in FRL 

pLKO.1 control cells (53.2 ± 0.4 SD % to 7.6 ± 0.5 SD %), however its inhibitory 

effect was markedly reduced and relatively modest in FRL RIG-I shRNA 2 cells 

(63.9 ± 0.9 SD % to 55.6 ± 3.7 SD %). Notably, 3pRNA treatment of FRL RIG-I 

shRNA 1 resulted in a significant reduction in the percent of RSV-infected cells 

similar to those observed in FRL pLKO.1 control cells (36.6 ± 1.5 SD % to 2.6 ± 

1.2 SD %). When repeating infection experiments after several cell passages, we 

observed increased protection after 3pRNA treatment in FRL RIG-I shRNA 1 and 

FRL RIG-I shRNA 2 cells (data not shown) which indicated that cells lost the 

lentiviral shRNA transgene expression during prolonged culture.  

Generation of a stable FRL RIG-I KO cell line by CRISPR/Cas9 represents an 

alternative approach for future studies which may circumvent the issues 

described using shRNA knockdown.  

Overall, these data show that pre-treatment of FRL cells with 3pRNA results in 

reduction in RSV infection of cells and indicate that this is RIG-I dependent.  
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Figure 4.4: A single pre-treatment of a ferret airway cell line (FRL) with RIG-I 
agonist inhibits RSV infection and replication in a RIG-I-dependent manner. Cells 
were transfected with RIG-I agonist (3pRNA, 200 ng/mL) or control RNA 
(ctrl RNA, 200 ng/mL). A) After 24 hrs, cells were infected with RSV Long-GFP 
or A2-GFP (MOI = 1) and GFP-positive cells were analysed by flow cytometry at 
18 hpi. B) After 24 hrs, cells were infected with RSV Long or A2 (MOI = 0.01), 
washed and incubated at 37oC. At various time points, tissue culture plates were 
snap-frozen, then thawed and titres of infectious virus were determined in clarified 
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supernatants using a VS assay on HEp-2 cells. The dashed line represents the 
limit of detection. Samples below the detection limit (<1 log10 VS/mL) were 
assigned values of 0.9 log10 VS/mL for statistical analysis. C) 24 hrs after 
stimulation of treatment with recombinant ferret IFN-α total RNA was isolated 
from FRL control (FRL shRNA ctrl) or RIG-I knockdown cells (FRL RIG-I 
shRNA 1, FRL RIG-I shRNA 2) and the expression of ISG15 and CCL5 was 
assessed by qRT-PCR. Levels were normalised to GAPDH and expressed 
relative to untreated cells. D) After 24 hrs, FRL control (shRNA ctrl) or RIG-I 
knockdown cells (RIG-I shRNA 1, RIG-I shRNA 2) were infected with RSV Long 
(MOI = 2). Cells were fixed and stained for surface expression of the RSV F 
protein at 18 hpi and analysed by flow cytometry. Data represent the mean (± SD) 
from triplicate samples and are representative of at least 2 independent 
experiments, except for C) where one experiment was performed. An unpaired 
Student’s t-test was performed to compare 3pRNA and ctrl RNA treatment for 
each time point in B). A two-way ANOVA with Bonferroni’s correction was 
performed to compare 3pRNA and ctrl RNA treatment in A), C) and D). 
* = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 

 

4.2.6 A single prophylactic treatment of ferrets with 3pRNA inhibits RSV 

replication in the ferret airways 

Inbred strains of mice are regarded as semi-permissive to infection with human 

RSV, requiring high doses of virus inoculum to establish infection and with 

relatively low virus titres recovered from the lungs (Openshaw, 2013). Recently, 

ferrets have been used to study human RSV infections and inoculation of ferrets 

with Long and A2 strains was associated with virus replication in the airways, 

induction of cytokines and chemokines as well as transmission to naïve animals 

(Chan et al., 2017). Given that ferrets are outbred, exhibit lung physiology more 

similar to that of humans and are susceptible to human RSV, we next assessed 

the in vivo effectiveness of a single prophylactic 3pRNA treatment against 

subsequent RSV infection in ferrets. As studies from our laboratory have 

indicated that transmission of RSV from experimentally infected donor to naïve 

recipient animals is not 100 % effective (Chan et al., 2017), we relied on direct 

experimental infection of ferrets to determine if 3pRNA pre-treatment provides 

protection against subsequent RSV challenge. 

Ferrets received a single, i.v. injection of 3pRNA or ctrl RNA (0.3 mg/kg, 

n = 4/group) and, 24 hrs later, were inoculated with 5x105 VS of RSV Long in a 
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volume of 500 µL. Whole blood was collected from each animal prior to, as well 

as 24 hrs after, 3pRNA or ctrl RNA treatment to allow for isolation of PBMCs such 

that PBMC RNA could be assessed for ISG induction. Animals were assessed 

daily for weight and temperature, daily nasal wash samples were collected and 

at day 3 post-infection, animals were euthanised for collection of lung and nasal 

tissues. The experimental overview is shown in Figure 4.5 A. After isolation of 

RNA, qRT-PCR confirmed that treatment with 3pRNA resulted in significant 

upregulation of different ISGs (Figure 4.5 B), including Mx1, ISG15 and OAS1, 

in PBMCs 24 hrs after administration. These results confirm those reported in the 

previous chapter examining the ability of RIG-I agonist treatment to modulate IAV 

infection in ferrets. Next, we assessed titres of infectious virus in nasal wash 

samples, confirming that infectious RSV was detected in samples from all animals 

at one or more of the sampling time points. To compare the viral load in nasal 

wash samples from 3pRNA- and ctrl RNA-treated animals, an area under the 

curve (AUC) analysis was performed across all days sampled (Figure 4.5 C). 

AUC analysis indicated no significant difference in nasal wash samples following 

3pRNA treatment (p= 0.2, 3pRNA: 4.794 ± 1.055 SD versus ctrl RNA: 5.903 ± 

0.951 SD). Nasal tissue was also removed and homogenised at 3 dpi and virus 

titres determined. End-point analysis confirmed infectious virus in the nasal 

cavities of all animals with no significant differences noted between 3pRNA- and 

ctrl RNA-treated animals (p = 0.87) (Figure 4.5 D). Finally, we determined titres 

of infectious RSV in individual lung lobes from each animal. For 3pRNA-treated 

ferrets, no virus was detected in any of the lung lobes of 3/4 animals 

(animals 1-3), while low titres of infectious virus were recovered from 1/5 lung 

lobes from animal 4 (Figure 4.5 E). Virus titres in lung lobes from 3pRNA-treated 

animals were significantly reduced when compared to pooled titres of all lung 

lobes from ctrl RNA-treated animals (p = 0.033 for animals 1, 2 and 3) except for 

animal 4, which had one lung lobe with infectious virus (p = 0.1034). However, in 

ctrl RNA-treated animals virus was recovered in 13/20 lung lobes, with all ctrl 

RNA-treated animals showing at least 3/5 lung lobes with detectable virus titres. 



154 
 

 
 

Together, these data confirm that intravenous 3pRNA administration induces a 

systemic ISG response and that this correlates with potent inhibition of RSV 

replication in the lung, but not in the upper airways.  

  

 
Figure 4.5: A single intravenous injection of ferrets with 3pRNA prior to RSV 
infection results in systemic ISG induction and reduced virus titres in the lungs. 
Animals received a single i.v. injection of 3pRNA or ctrl RNA (0.3 mg/kg) 24 hrs 
prior to inoculation with 5x105 VS of RSV Long in 500 µL. Whole blood was 
collected and PBMCs isolated several (-X) days prior to (pre-treatment) and 24 
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hrs after (post-treatment) i.v. injection with 3pRNA or control RNA. A) An 
overview of the experimental approach is shown. B) After isolation of RNA from 
ferret PBMC, qRT-PCR was used to determine Mx1, ISG15 and OAS1 ISG 
levels, which are expressed relative to GAPDH. Each symbol represents a single 
animal. C) Titres of infectious RSV in nasal washes (1-3 dpi) from 3pRNA- or ctrl 
RNA-treated animals were determined by VS assay on HEp-2 cells. Circles 
represent individual animals. D) and E) At day 3 post infection, ferrets were 
euthanised and respiratory tissues (lung and nasal tissues) were collected and 
homogenised in PBS. Viral titres in clarified homogenates were determined by 
plaque assay on HEp-2 cells. The dashed line represents the limit of detection. 
Samples below the detection limit (<1.39 log10PFU/mL) were assigned values of 
1.2 log10PFU/mL for statistical analysis. Data in B) represent the median. Data in 
D)-F) represent the mean ± SD. A paired Student´s t-test was performed in B) to 
compare ISGs levels before and after 3pRNA or ctrl RNA treatment. An unpaired 
Student's t-test with non-parametric Mann-Whitney correction was used in C) to 
compare AUCs and in D) and E) to compare the viral load in respiratory tissue 
after 3pRNA or ctrl RNA treatment. * = p<0.05; **** = p<0.0001; ns = not 
significant. 

 

4.3 Discussion  

RSV is a causative agent of respiratory tract infections, especially in young 

children, and is estimated to cause 3.4 million hospitalisations and 

95,000-150,000 deaths globally every year (Stockman et al., 2012; Shi et al., 

2017). Treatment options are limited and consist mainly of supportive care. 

Currently, there is no vaccine and only two FDA-approved antivirals available: 

aerosolised ribavirin, a guanosine analogue with broad-spectrum antiviral activity 

(Conrad et al., 1987; Marcelin et al., 2014) and pavilizumab, a humanised 

monoclonal antibody to the RSV F glycoprotein (Homaira et al., 2014). Both 

antivirals exhibit clinical benefit, however their use is limited due to a number of 

factors, including cost. The development of novel prophylactic and/or therapeutic 

treatment options against RSV is currently an area of intensive research. 

Strategies include the use of recombinant antibodies or nanobodies to RSV 

proteins, fusion inhibitors to block fusion of the virus with host cells, nucleoprotein 

inhibitors to impede viral replication, and nucleoside analogues and non-

nucleoside inhibitors, amongst others (Behzadi et al., 2019). Most of these 

approaches target specific viral components, which is likely to limit their utility 
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against other viruses and is associated with the risk of drug-resistant variants 

emerging and spreading. As for IAV, this is of particular relevance to RSV as its 

viral RNA-dependent polymerase also lacks effective proof-reading capacity 

(Holland et al., 1982; Steinhauer et al., 1992).  

While the current drug discovery landscape is largely focused on designing 

inhibitors of specific viral components, host-directed therapies targeting 

intracellular proteins could circumvent issues associated with limited virus 

specificity or with the risk of antiviral resistance emerging. We and others 

demonstrate that RIG-I agonists induce a broad spectrum of ISGs (Goulet et al., 

2013; Chiang et al., 2015; Linehan et al., 2018), including a number with known 

antiviral activity in human, mouse and ferret cells. Induction of multiple cellular 

proteins which can act at one or more stages of the virus replication cycle means 

that the emergence of ‘escape’ mutants in highly unlikely. To date, in vitro and 

pre-clinical studies in mice with RIG-I agonists have yielded promising results. 

RIG-I agonists have been shown to inhibit infection by a range of viruses in vitro, 

including IAV, DENV and HIV-1, amongst others (Chakravarthy et al., 2010; 

Ranjan et al., 2010; Lin et al., 2012; Goulet et al., 2013; Olagnier et al., 2014; 

Chiang et al., 2015). While most in vivo studies have focused on assessing their 

effectiveness against IAV in mice (Ranjan et al., 2010; Lin et al., 2012; Goulet et 

al., 2013; Coch et al., 2017), 3pRNA treatment 24 hrs prior to footpad injection 

with CHIKV has also reduced viral titres in the serum at 3 dpi as well as footpad 

swelling over the course of infection (Chiang et al., 2015). Very recently, 3pRNA 

treatment has been described to possess antiviral function both in prophylactic 

as well as therapeutic settings against SARS-CoV-2 in a mouse model of 

infection (Mao et al., 2021; Marx et al., 2021).  

Further studies are required to explore the potential of RIG-I agonists as 

broad-spectrum antivirals, including studies to define their breadth of antiviral 

activity as well as their effectiveness in vivo in different animal models of infection. 

Our studies showing the protective effects of 3pRNA treatment against IAV and 

RSV in both mice and ferret models certainly support their potential use as pan-

antivirals in vivo. 
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To our knowledge, no studies to date have reported the effectiveness of RIG-I 

agonists in limiting infection and/or growth of RSV. Hence, in this chapter we 

investigated if synthetic RIG-I agonists could inhibit RSV infection and growth in 

different in vitro and in vivo models. In similar approaches to those described in 

the previous chapter, we first used airway cells from different mammalian species 

to demonstrate that prophylactic treatment with 3pRNA led to reduced 

susceptibility to RSV infection and reduced virus growth in human A549, mouse 

LA-4 and ferret FRL cells (Figure 4.1 A and B, Figure 4.2 A and E, Figure 4.4 
A and B, respectively). Similar results were obtained using either Long or A2 

strains of RSV. RIG-I agonist pre-treatment of the same cell lines also inhibited 

infection and growth of IAV (Figure 3.1), confirming their ability to limit infection 

and growth by respiratory viruses of different genera. However, in this chapter, 

we also utilised knockout and knockdown approaches to address the role of RIG-I 

itself in the anti-RSV effects of 3pRNA pre-treatment in cells from the different 

mammalian species. As for IAV, mice and ferrets represent two important small 

animal models for the study of RSV pathogenesis and immunity. An important 

advantage of targeting PRRs such as RIG-I is that they are highly conserved in 

evolution and stimulation by RIG-I agonists results in induction of antiviral IFN 

pathways which are also highly conserved (Zou et al., 2016). In future studies, it 

would be of interest to determine if RIG-I agonist treatment also inhibits other 

human respiratory viruses, such as human metapneumovirus (HMPV), 

parainfluenza viruses (PIV) and rhinoviruses (RV), to assess their potential as 

pan antivirals for human respiratory virus disease. Animal models for HMPV 

include mice and ferrets (MacPhail et al., 2004), while mouse models of RV 

infection are also established, allowing for in vivo effectiveness to be assessed 

as for IAV and RSV in this thesis.  

Other studies have assessed putative antiviral compounds targeting host 

components for their ability to inhibit RSV in cell culture. For example, Pattabhi 

et al. demonstrated that therapeutic treatment of RSV-infected HeLa cells with 

KIN1400, an activator for IRF3 signaling, significantly reduced viral release 

(Pattabhi et al., 2015; Green et al., 2016). Besides inhibition of RSV, the authors 

also reported inhibition of West Nile virus, DENV, HCV, Ebola virus, IAV, Lassa 
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virus and Nipah virus. Although the mechanisms underlying KIN1400-induced 

antiviral activity are not completely clear, it represents an alternative host-directed 

antiviral approach which also displays broad antiviral activity, at least in vitro.  

Prophylactic treatment of human nasal epithelial cells with exogenously supplied 

IFN-λ1 was also associated with reduced RSV release, consistent with findings 

that type III IFN, not type I IFNs, represent the primary IFN produced by the nasal 

epithelium during RSV infection (Okabayashi et al., 2011). A particular strength 

of our in vitro studies has been to compare RIG-I agonist treatment in human 

A549 cells to mouse LA-4 and ferret FRL cells, and this is particularly interesting 

as mouse and ferrets were the in vivo models used to assess effectiveness 

against RSV. Moreover, stimulation of the RIG-I signaling cascade results in 

production of both type I and type III IFNs and therefore induces broader 

protection than either IFN would be likely to achieve alone (Levy et al., 2011).  

Studies in Chapter 3 (Figure 3.1) demonstrated that 3pRNA treatment induced a 

potent upregulation of ISGs in human, mouse and ferret airway cell lines and this 

correlated with protection from IAV infection. As most studies to date have 

focused on RIG-I-mediated protection in human cell lines, in this chapter we have 

investigated responses of mouse and ferret cells in more detail. For example, 

RIG-I agonist treatment results in IFN-α protein secretion from A549 cells (Goulet 

et al., 2013) and we confirm this to also be true in mouse LA-4 cells (Figure 4.2 
B) noting that suitable reagents were not available to confirm secretion of IFN-α 

from ferret cells. We also designed approaches to confirm that 3pRNA-induced 

protection against RSV was dependent on a functional RIG-I in different species 

using RIG-I KO cells (human) and RIG-I knockdown cells (ferrets and mice). Our 

studies demonstrated that 3pRNA-induced protection against RSV was almost 

completely lost in RIG-I KO human cells (Figure 4.1 E and F) and was 

significantly impacted following knockdown in mouse (Figure 4.2 D) and ferret 

cells (Figure 4.4 D). Our studies in ferret cells were particularly informative and 

we confirmed that RIG-I knockdown did not impact type I IFN signaling as these 

cells still induced high levels of ISG15 after IFN-α treatment (Figure 4.4 C). By 

comparison, our analyses of RIG-I knockdown in mouse LA-4 cells was less 
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comprehensive and there was still evidence of RSV inhibition following 3pRNA 

treatment of RIG-I knockdown cells (Figure 4.2 D). In future studies, similar 

approaches to those described for assessment of RIG-I knockdown in ferret cells 

would be useful to inform regarding the effectiveness of RIG-I knockdown in 

mouse LA-4 cells. CRISPR/Cas9 mediated knockout of RIG-I in another mouse 

cell line (that does not exhibit a polyploid karyotype) or in ferret FRL cells could 

be pursued to confirm the shRNA knockdown data implicating the importance of 

RIG-I in 3pRNA-mediated antiviral activity. 

RIG-I agonist treatment of human A549 cells after infection with RSV did not 

reduce the percentage of RSV-infected cells, even if treatment occurred as early 

as 1 hr after infection (Figure 4.1 C and D). In contrast, HeLa cells infected with 

RSV and treated at 2 hpi with KIN1400, leading to IRF3 activation, showed 

significant reductions in virus release (Pattabhi et al., 2015; Green et al., 2016). 

These discrepancies could reflect different assay readouts (i.e. flow cytometry for 

infected cells versus virus release) or different mechanisms of action between 

RIG-I agonists and IRF3 activators. Of note, RSV expresses two non-structural 

proteins (NS1 and NS2) which impact innate immune signaling. NS1 binds 

directly to MAVS, while NS2 binds to RIG-I and both can therefore disrupt 

RIG-I-MAVS interactions (Spann et al., 2004; Ling et al., 2009; Boyapalle et al., 

2012). The therapeutic applications of RIG-I agonists against RSV could 

therefore be limited due to the immune evasion functions of NS1 and/or NS2 viral 

proteins. Several groups have already reported that 3pRNA-treatment on already 

established infection in cell culture models possessed antiviral effects and 

inhibited CHIKV, IAV or DENV viral replication (Olagnier et al., 2014; Chiang et 

al., 2015). We were unable to recapitulate these results using RSV which might 

be due to the forementioned reasons. In future. It would still be of interest to 

assess therapeutic effects in vivo. Coch et al. have shown that 3pRNA treatment 

of mice with an established IAV infection ameliorated clinical signs of infection 

and reduced weight loss even when applied 18 hrs after IAV infection (Coch et 

al., 2017). 
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 These effects may not be evident in a prophylactic setting where 3pRNA pre-

treatment can induce RIG-I signaling and subsequent induction of ISGs prior to 

RSV infection. In future studies, the effects of therapeutic 3pRNA treatment on 

RSV growth in human, mouse and ferret cells could be investigated further. 

We used primary mouse lung fibroblasts to confirm the importance of functional 

IRF3/7 and IFNAR2 for 3pRNA-mediated protection from subsequent RSV 

infection (Figure 4.2 F). Given that RIG-I signaling depends on IRF3 and IRF7 

(Yoneyama et al., 2004; Kawai et al., 2005) the results from IRF3/7-/- mice are not 

surprising. It was interesting to observe that 3pRNA-mediated protection against 

RSV was also lost in cells lacking IFNAR2. Given that type I and III IFNs should 

both be produced following RIG-I stimulation, this finding indicates that only type I 

IFN production is critical for 3pRNA-mediated protection against RSV, at least in 

this cell type. Type I and type III IFNs bind to distinct receptors (IFNAR1/IFNAR2 

and IFNLR1/IL10R2, respectively) (Kotenko et al., 2003) and while type I IFN 

receptors are universally expressed, type III IFN receptor expression is primarily 

restricted to epithelial cells (Mordstein et al., 2010) and expression in human 

fibroblasts appears to be limited (Apostolou et al., 2016). Although embryonic 

fibroblasts from chickens and ducks express type III IFN receptors (Zhang, Z. et 

al., 2015), our results suggest that the primary mouse lung fibroblasts used in our 

studies do not. This would be consistent with RIG-I agonist-induced protection 

against RSV being entirely dependent on the presence of a functional IFNAR2.  

 

While Mx1 is directly antiviral for IAV, overexpression studies in LA-4 cells 

indicate it is not for RSV (personal communication, Melkamu Tessema and Prof. 

Patrick Reading, The University of Melbourne) and to our knowledge there are 

no reports to indicate that mouse Mx1 inhibits RSV. However, our studies in 

mouse fibroblasts confirmed a functional Mx1 was associated with enhanced 

potency of 3pRNA treatment against RSV (Figure 4.2 G). Ctrl RNA-treated 

B6.A2G-Mx1 fibroblasts were actually more susceptible to RSV infection than 
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cells from B6-WT mice, suggesting that the enhanced constitutive ISG 

expression observed in fibroblasts from B6.A2G-Mx1 mice (Figure 3.2) did not 

translate to increased resistance to RSV infection. These surprising findings 

suggest that expression of functional Mx1 might also enhance other aspects of 

3pRNA-mediated cell-intrinsic immunity to RSV, at least in vitro in primary mouse 

lung fibroblasts. It is important to note that our RSV studies to date were only 

performed in vitro using primary lung fibroblasts from B6-WT and B6.A2G-Mx1 

mice. Further studies are required to determine if a functional Mx1 contributes to 

potent and long-lasting inhibition of RSV, as we have reported for IAV both in vitro 

and in vivo.  

 

Mx1-deficient BALB/c albino mice and a rHRSV-Luc virus were used to 

demonstrate that pre-treatment of mice with a single i.v. injection of 3pRNA 

potently reduced both bioluminescence and virus titres in the lungs (Figure 
4.3 B and C). Previous studies have assessed the impact of single i.n. treatment 

with recombinant IFN-α or poly:ICLC 24 hrs prior to RSV A2 infection in mice, 

reporting significant reductions in both viral lung titres and disease score at 5 dpi 

(Guerrero-Plata et al., 2005). Of note, the effectiveness of poly:ICLC against RSV 

was superior to that of recombinant IFN-α, which is interesting given that 

poly:ICLC is a treatment that is also designed to stimulate PRRs (in this case, 

TLR3, RIG-I and MDA5) (Sultan et al., 2020). Thus, 3pRNA represents an 

additional PRR agonist that shows promise as an effective prophylactic antiviral 

treatment in the mouse model of RSV infection.  

A number of studies indicate that ferrets represent another useful small animal 

model to study aspects of RSV pathogenesis, immunity and transmission (Prince 

et al., 1976; Stittelaar et al., 2016; Chan et al., 2017). Previous studies in our 

laboratory confirm that i.n. inoculation of ferrets with A2 or Long strains of RSV 

resulted in viral replication in the nasal tissue and lung, however, viral 

transmission from experimentally infected donors to naïve co-housed animals 

varied from 75 % (A2) to 25 % (Long) (Chan et al., 2017). Given these results, 

we decided to assess the effects of 3pRNA treatment following direct 
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experimental infection of ferrets with RSV, instead of the natural-transmission 

model which was used for IAV studies in ferrets in the previous chapter. 

Consistent with previous findings, a single i.v. injection of 3pRNA induced robust 

systemic ISG induction in ferrets after 24 hrs (Figure 4.5 B). Despite systemic 

induction of ISGs, 3pRNA treatment did not reduce shedding of infectious RSV 

from the upper airways (Figure 4.5 C). Thus, it appears unlikely that 3pRNA 

pre-treatment would reduce the incidence of onward RSV transmission to naïve 

animals, although this remains to be tested experimentally. End point analysis 

also confirmed that 3pRNA treatment did not reduce the load of infectious RSV 

in the nasal cavities at 3 dpi (Figure 4.5 D). In contrast, a single injection with 

3pRNA did induce potent inhibition of RSV replication in the lungs, with infectious 

virus detectable in only one lung lobe from one animal (Figure 4.5 E). These 

findings highlight similarities between the impact of 3pRNA treatment on IAV and 

RSV replication in ferrets. For both viruses, inhibition was potent in the lower 

respiratory tract but limited in the upper airways. 3pRNA treatment resulted in 

reduced IAV titres in the lungs of 6/8 animals (Figure 3.12), however when 

comparing IAV and RSV studies in ferrets it is important to note that end point 

analysis of ferrets occurred 6 days after i.v. 3pRNA treatment in IAV studies (5 

days after commencement of co-housing with infected donors) compared to 4 

days after treatment in RSV studies (3 days after experimental infection of 

animals). 

A common feature of studies in mice and ferrets using either IAV or RSV is the 

observation that a single prophylactic treatment with 3pRNA via the i.v. route 

resulted in protection of the lungs, but little protection of the upper airways. We 

have demonstrated that i.v. 3pRNA treatment of ferrets induces ISG expression 

in lung tissue (Figure 3.11 C) and in PBMCs, but we know little regarding ISG 

induction in the nose. As RIG-I receptors are expressed in almost all nucleated 

cells and the agonist was delivered via the i.v. route, it is possible that increased 

vascularisation of the lung might result in enhanced delivery of RIG-I agonist 

(and/or immune cells with upregulated ISG as a result of 3pRNA treatment) 

compared to the nasal tissues. Future studies could compare ISG induction and 

immune cell infiltration into the nose versus the lungs, although the limited 
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availability of ferret-specific antibodies prevents detailed analysis of immune cell 

infiltration (Wong et al., 2019). Despite these caveats, it is tempting to speculate 

that repeated RIG-I agonist treatment might still induce some protection in the 

nose and therefore limit onward virus transmission. As repeated i.n. 

administration did not impact IAV growth and shedding (Chapter 3), it is worth 

considering if alternate delivery options (e.g. as spray or gel) might increase its 

effectiveness in general against these respiratory viruses (Garg et al., 2018; 

Bedford et al., 2020). Effective delivery of 3pRNA to the upper airways using a 

vehicle that is not easily swallowed or expelled represents an important avenue 

of research in an effort to enhance its capacity to reduce shedding and therefore 

transmission of respiratory viruses.  

In vitro studies described in this chapter have focused on A2 and Long strains of 

RSV, while RSV Long was used for in vivo studies in mice and ferrets. Both 

strains were isolated more than 50 years ago and have been used extensively by 

researchers around the world in published studies. However, it is likely that 

continued passage has resulted in mutations associated with long-term culture in 

mammalian cells such that these strains may not be representative of more 

recent human strains. It is interesting to note that Long and A2 strains show 

marked differences in their ability to induce IFN-α production with Long inducing 

approximately five times more IFN-α from human cell lines compared to A2 

(Schlender et al., 2005). Thus, while 3pRNA treatment is effective at inhibiting 

two well-characterised laboratory strains which differ in at least some biological 

properties, it would be of great value to confirm that RIG-I agonists are also 

effective against recent clinical isolates of RSV A and B subgroups.  
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5 Chapter: Understanding the contribution of ferret Mx 
proteins to RIG-I agonist-mediated protection  
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5.1 Introduction 

Following viral infection, host cells deploy a wide range of mechanisms to limit 

viral infection and spread. As first line of defence, highly conserved 

cell-associated PRRs such as RLRs, TLRs or NLRs can detect viruses, triggering 

a signaling cascade that results in the rapid induction of diverse antiviral effectors. 

Cell-intrinsic antiviral defences include a range of intracellular proteins with 

antiviral activity that are regulated independently of IFNs, as well as ISGs 

(Alandijany, 2019). Collectively, intracellular proteins which mediate antiviral 

activity against one or more viruses are known as host cell restriction factors. 

While many restriction factors have been defined for HIV-1 (Colomer-Lluch et al., 

2018) and IAV (Villalon-Letelier et al., 2017), relatively few have been defined for 

other viruses such as paramyxo- and pneumoviruses (Farrukee et al., 2020).  

MX dynamin like GTPase (also called “myxoma resistance” and “myxovirus 

resistance” or “Mx”) family proteins are IFN-inducible dynamin-like large 

GTPases that have been reported to mediate antiviral activity against particular 

RNA and DNA viruses. The ability of Mx proteins to act as restriction factors for 

IAV has been particularly well studied (Haller et al., 2015). Mx gene expression 

is tightly regulated and, in contrast to other ISGs, Mx expression is not directly 

induced by virus infection per se but rather by type I and III IFNs (Holzinger et al., 

2007; Mordstein et al., 2008), which makes them excellent markers for studies 

investigating IFN induction.  

Mx genes are highly conserved across different species with one to seven Mx 

genes expressed in almost all vertebrates. Most mammals, including humans and 

mice, express two Mx genes (Verhelst et al., 2013). The antiviral activities of Mx 

proteins are often linked to their cellular localisation, such that nuclear Mx 

proteins restrict viruses such as IAV that replicate within the nucleus, whereas 

cytoplasmic Mx proteins often inhibit viruses such as VSV that replicate 

exclusively in the cytoplasm. However, exceptions do exist. For example, 

cytoplasmic human MxA restricts a diverse range of viruses including 

Orthomyxoviridae which replicate in the nucleus, as well as Bunyaviridae, 

Rhabdoviridae, Paramyxoviridae and Hepadnaviridae, amongst others, which, 
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with the exception of the Hepadnaviridae, exclusively replicate in the cytoplasm 

(Hu et al., 2015; Dietzgen et al., 2017; Fearns et al., 2017; Ferron et al., 2017). 

In contrast, mouse Mx1 is expressed in the nucleus and its antiviral activity 

appears to be quite specific for Orthomyxoviridae although a recent study 

suggests that mouse Mx1 can also form cytoplasmic intermediate filaments and 

condensates and these are associated with antiviral functions against VSV, a 

member of the Rhabdoviridae (Sehgal et al., 2020). In fact antiviral activity of 

mouse Mx1 strongly depends on nuclear localisations, as mutations in mouse 

Mx1 that result in redistribution to the cytoplasm abolish its antiviral activity 

against IAV (Zürcher et al., 1992c). 

The exact mechanisms by which Mx proteins inhibit different viruses are still 

under investigation but studies to date suggest that human MxA restrains IAV 

nucleocapsids in the cytoplasm, preventing their nuclear import and thereby 

blocking early steps in the viral replication cycle (Xiao et al., 2013; Haller et al., 

2020). In contrast, mouse Mx1 mediates anti-IAV activity by inhibiting primary 

transcription and it has been reported to interact with the ribonucleoprotein 

complex, disrupting interactions between the viral NP and PB2 (Pavlovic et al., 

1992; Verhelst et al., 2012). Mice also express a cytoplasmic Mx2 protein which 

has been reported to mediate antiviral against Bunyaviridae and Rhabdoviridae 

(Zürcher et al., 1992b; Jin et al., 2001). In humans, the long isoform of MxB 

localises to the nuclear envelope and exhibits antiviral activity against 

Retroviridae such as HIV-1 (Goujon et al., 2013; Kane et al., 2013) and is also a 

pan-herpesvirus restriction factor (Crameri et al., 2018; Schilling et al., 2018). The 

antiviral activity of MxB against HIV-1 is dependent on its nuclear localisation 

signal (NLS) as a short isoform lacking the NLS does not mediated antiviral 

activity (Goujon et al., 2014).  

The antiviral roles of human and mouse Mx proteins have been well characterised 

in vitro and the importance of mouse Mx1 has been particularly well studied in 

vivo during IAV infection of mice. As reported in a previous chapter, mice 

expressing a functional Mx1 were more resistant to IAV infection and much higher 

inoculum doses were required to induce weight loss and disease compared to 
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Mx1-deficient mice. This is in line with previous studies demonstrating that 

Mx1-congenic and MxA-transgenic mice are more resistant to IAV infections 

(Haller et al., 1981; Tumpey et al., 2007; Deeg et al., 2017). While ferrets are 

considered to be the gold standard small animal model to study pathogenesis 

and immunity to human IAV (Oh et al., 2016), little is currently known regarding 

the characteristics and the antiviral activity of host cell restriction factors in ferrets, 

including the Mx proteins. Therefore, studies in this chapter aimed to investigate 

ferret Mx proteins, including their induction in response to RIG-I agonists and 

other stimuli and their antiviral activity against IAV and RSV. 
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5.2 Results  

5.2.1 Homology between predicted ferret Mx proteins and Mx proteins from 

other species 

In-depth characterisation of the anti-IAV activity of Mx proteins from mice and 

humans have been performed and Mx proteins from a range of other mammalian 

species have also been described. However, very little is currently known 

regarding Mx proteins in ferrets. Mx genes are highly conserved in vertebrates 

with most mammals expressing both Mx1-like and Mx2-like lineages. Previous 

studies performed whole genome sequencing on an individual female ferret, as 

well as RNA-seq from 24 samples from male and female ferrets, allowing for 

annotation of 19,910 protein-coding sequences (Peng et al., 2014). The 

annotated sequence (NCBI Accession AEYP00000000) includes identification of 

3 genes predicted to encode Mx-like proteins, namely ferret Mx1 (with two 

isoforms, Mx1.1 (NCBI XM_013061287.1) and Mx1.2 (NCBI XM_004762192.2) 

and ferret Mx2 (NCBI XM_013061286.1). The Mx1.1 mRNA isoform (2,604 base 

pairs (bp) contains an additional 23 bp at the 5’ end, as well as an additional 

36 bp from residue 248, which are missing from the Mx1.2 isoform (2,545 bp), 

resulting in an extra 59 nucleotides that are expressed only in Mx1.1. From these 

genes, the predicted coding sequence is 2,013 bp for Mx1.1 and 1,977 bp for 

Mx1.2, corresponding to 670 and 658 amino acid protein sequences, 

respectively. For ferret Mx2, the gene sequence is 3,973 bp, with a predicted 

coding sequence of 2,094 bp and a protein of 697 amino acids.  

First, we retrieved the confirmed or predicted amino acid sequences encoded by 

Mx genes from different species such as brown bear, cat, chimpanzee, cow, dog, 

horse, human, mouse, pig and walrus from GenBank genome browser. Protein 

sequences were aligned by performing a MUSCLE algorithm using the Molecular 

Evolutionary Genetics Analysis (MEGA X) software (Kumar et al., 2018). It is 

known that the GTPase domain of Mx proteins contains a number of key Mx 

protein domains including a tripartite GTP-binding motif (GDXXSGKS, DLPG, 

TKPD) and a dynamin motif (LPRXXGXXTR) (Verhelst et al., 2013). These motifs 
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were found in ferret Mx1 and Mx2 proteins and showed 100 % amino acid 

homology to Mx proteins from all other species examined, emphasising the high 

conservation of the GTPase domain amongst mammalian species (Figure 5.1). 
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Figure 5.1: Multiple alignments of Mx1 and Mx2 protein from different species 
reveal conserved amino acid sequences. Predicted amino acid sequences for 
ferret Mx1 and Mx2 (Mustela putorius furo Mx1 variant 1: XP_012916741.1, 
variant 2: XP_004762249.1, Mx2: XP_012916740.1), as well as for brown bear 
(Ursus arctos horribilis Mx1: XP_026356328.1, Mx2: XP_026356450), cat (Felis 
catus Mx1: XP_023094481.1), chimpanzee (Pan troglodytes 
Mx1: NP_001266765.1, Mx2 isoform X2: XP_001171751.3), cow (Bos taurus 
Mx1: NP_776365.1, Mx2: NP_776366.1), dog (Canis lupus familiaris 
Mx1: NP_001003134.1, Mx2: XP_038299486.1) horse (Equus caballus 
Mx1: NP_001075961.1, Mx2: XP_005606216.2), human (Homo sapiens Mx1 
isoform a: NP_001138397.1, Mx2: NP_002454.1), mouse (Mus musculus 
Mx1: NP_034976.1, Mx2: Q9WVP9.2), pig (Sus scrofa Mx1: NP_999226.2, 
Mx2: A7VK00.1) and walrus (Odobenus rosmarus divergens Mx1 isoform 
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X1: XP_004406610.1, Mx2: XP_004406645.1). Sequences were aligned by 
performing a MUSCLE algorithm using the Molecular Evolutionary Genetics 
Analysis (MEGA X) software. Conserved regions in the GTPase domain are 
marked.  

Next, protein homologies were assessed by generating a phylogenetic 

comparison of predicted protein sequences based on the Maximal Likelihood 

method (Figure 5.2 A) (Jones et al., 1992; Kumar et al., 2018). Mx proteins are 

separated into two clearly defined clusters, the Mx1 and Mx2 lineages. When 

comparing ferret Mx1.1 and Mx1.2 with Mx1 proteins from other species, we 

detected greatest amino acid sequence homology to Mx1 proteins from bear, 

walrus and dog. Ferret Mx2 also clustered most closely with Mx2 proteins from 

bear, walrus and dog rather than with Mx2 proteins from humans and mice. 

Interestingly, mouse Mx1 and Mx2 form a separate small cluster which is located 

between the Mx1 and Mx2 lineages, with closer proximity to the Mx1 lineage.  

We aligned Mx protein sequences from different species, including humans, mice 

and ferrets, by multiple pairwise alignment using the NCBI protein BLAST 

(blastp). As shown in Figure 5.2 B (upper panel), ferret Mx1.1 and Mx1.2 

proteins show highest sequence homology to brown bear, walrus, cat and dog, 

confirming their close proximity as shown in the phylogenetic analysis (Figure 
5.2 A). The amino acid sequence of ferret Mx2 was less closely related to other 

species using this analysis, however we still observed the greatest homology of 

ferret Mx2 to Mx2 proteins from walrus, brown bear and dog.  

In previous studies, Verhelst et al. reported the genomic organisation of the Mx 

locus from different species and found that Mx genes are flanked by 

transmembrane protease serine subtype 2 (TMPRSS2) and FAM3 Metabolism 

Regulating Signalling Molecule B (FAM3B) genes (Verhelst et al., 2013). Similar 

analyses confirmed that the Mx locus of ferrets (and most other species included 

into our analysis), were also flanked by TMPRSS2 and FAM3B, indicating a 

conserved synteny across different species (Figure 5.2 C). Of interest, mouse 

Mx genes show a different gene orientation and arrangement which is likely due 

to duplication of ancestral Mx1-like gene (Haller et al., 2015). Moreover, the Mx2 

locus is not present in cats.  
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Figure 5.2: The ferret Mx locus shows similar architecture to the Mx loci from 
other species and ferret Mx1 and Mx2 show high levels of homology at the amino 
acid level. A) Phylogenetic trees generated by Maximum Likelihood methods 
show the relative evolutionary history of Mx proteins amongst different species. 
B) Heatmap showing the percent homology between Mx proteins from different 
species, include human, mouse and ferret. C) Representation of the Mx gene 
locus of ferrets and other mammalian species. Flanking genes are TMPRSS2 
and FAM3B. Arrow direction indicates the orientation of a particular gene.  

 

5.2.2 3’-RNA sequencing of FRL cells reveals Mx1 and Mx2 induction upon 

3pRNA or IFN-α stimulation 

As a first step towards understanding cellular responses to RIG-I agonists and 

the induction of ferret Mx in FRL cells, we performed 3’-RNA sequencing on FRL 

cells to quantitatively measure the abundance of 3'-untranslated region (UTR) 

transcripts after treatment with 3pRNA, ctrl RNA or recombinant ferret IFN-α when 

compared to untreated control conditions. We performed pairwise comparisons, 

selected the 25 most differentially expressed genes from each comparison and 

combined them as shown in Figure 5.3.  

In general, we found that 3pRNA or ferret IFN-α treatment resulted in upregulation 

of a number of known IFN-regulated genes, including both ferret Mx1 and Mx2. The 

results obtained using ctrl RNA and untreated cells were very similar, confirming 

that ctrl RNA (as well as the lipofectamine transfection reagent) did not activate IFN 

signaling pathways in FRL cells. Of note, as 3’-RNA sequencing only sequences 

approximately 100 bp from the 3’-UTR, we could not distinguish between Mx1.1 

and Mx1.2 splice variants. In general terms, expression patterns after 3pRNA or 

IFN-α treatment were very similar, although the relative expression of transcripts 

was in general higher after IFN-α treatment.  

We were most interested in genes differentially expressed after 3pRNA or IFN-α 

treatment compared to ctrl RNA treatment or untreated conditions. We used 

bioinformatic analyses to calculate the correlation distance between transcripts and 

identified several clusters of mRNA transcripts selectively upregulated following 

3pRNA and IFN-α treatment, which were examined in more detail. The first cluster 
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(cluster i) Figure 5.3), consisted of a number of cellular proteins which have been 

implicated in antiviral immunity to one or more viruses. For example, sterile alpha 

motif domain containing 9 like (SAMD9L) has been reported to inhibit poxviruses in 

human cell lines (Meng et al., 2018) while galectin 3-binding protein LGALS3BP is 

a virus-induced protein which activates antiviral innate immune responses and 

induces IFN and pro-inflammatory production (Xu et al., 2019). Apolipoprotein L5 

(APOL5) is an ISG reported to inhibit different murine viruses (Kreit et al., 2015), 

while zinc finger NFX1-type containing 1 (ZNFX1) localises to the mitochondria and 

acts as a dsRNA sensor to restrict replication of some RNA viruses (Wang, Yao et 

al., 2019). Finally, cytidine/uridine monophosphate kinase 2 (CMPK2) has been 

implicated in IFN-mediated restriction of HIV (El-Diwany et al., 2018) and E2 

ubiquitin-conjugating enzyme UBE2L6 is involved in ISG15-dependent ISGylation 

pathways, which are relevant to inhibition of multiple viruses (Mathieu et al., 2021). 

A second cluster (cluster ii) Figure 5.3) was characterised by a number of well-

defined ISGs including MX2, ISG15, MX1, DDX60, USP18, DDX58 (coding gene 

for RIG-I) and OAS-1 that were upregulated by both RIG-I agonist and IFN-α 

treatment. A third cluster (cluster iii) Figure 5.3) also contained typical ISGs such 

as guanylate-binding protein (GBP)-1, GBP-6, IFIT2 and eukaryotic translation 

initiation factor 2 alpha kinase 2 (EIF2AK2), a protein which plays an important role 

in the innate immune response against multiple DNA and RNA viruses (Mao et 

al., 2020). Interestingly, RIG-I agonist treatment resulted in higher expression of 

GBP-6 and C-X3-C Motif Chemokine Ligand 1 (CX3CL1) compared to IFN-α 

treatment. It is well established that murine GBP proteins are important host effector 

molecules against intracellular pathogens, including some viruses (Degrandi et al., 

2007) and human GBP-1 can inhibit VSV and HSV-1 (Zhang et al., 2021) while 

GBP-5 is active against IAV (Feng et al., 2017). CX3CL1 is a proinflammatory 

chemokine which can be membrane-anchored or expressed as a soluble, 

chemotactic cytokine. The soluble form interacts with CX3CR1 expressed on a 

variety of immune cells to induce monocyte infiltration (Rivas-Fuentes et al., 2021). 

Membrane-associated CX3CR1 is a co-receptor for HIV-1 as well as a receptor for 

RSV binding to human airway epithelial cells (Johnson et al., 2015) and CX3CL1 
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can block functional interactions between CX3CR1 with HIV-1 in vitro, therefore 

representing an attractive therapeutic target (Combadiere et al., 1998). 

All in all, 3’-RNA sequencing confirmed that RIG-I agonist pre-treatment of FRL cells 

resulted in potent induction of a range of ferret ISGs, consistent with its ability to 

reduce IAV and RSV infection and growth in these cells in previous chapters. 

Amongst these ISGs, it was clear that RIG-I agonist treatment induced both ferret 

Mx1 and Mx2. 
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Figure 5.3: Clustered heat map of differentially expressed genes in FRL cells 
after 3pRNA, ctrl RNA or IFN-α treatment or in untreated control cells. FRL cells 
were transfected with RIG-I agonist (3pRNA, 200 ng/mL), control RNA (ctrl RNA, 
200 ng/mL), or treated with ferret IFN-α (50 ng/mL) or left untreated. After 6 hrs, 
total RNA was isolated and sequenced with a 3' mRNA-Seq Kit on a NovaSeq 
6000. Reads were trimmed and a STAR alignment was performed. Colours 
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indicate the prevalence of transcript expression from low (dark blue) to high 
(bright yellow). n=3 samples/group.  

 

5.2.3 Sequencing of Mx1 in ferret airway cells  

To determine if one or both splice variants of Mx1 were expressed in FRL cells 

we sequenced the Mx1 mRNA transcripts expressed in FRL cells. Mx1.1 and 

Mx1.2 show high sequence identity, however variants can be distinguished by a 

stretch of 36 bp of nucleotides which is specific for Mx1.1 and missing in variant 

Mx1.2. After stimulation of FRL cells with RIG-I agonists, total RNA was isolated 

and cDNA was generated. We then amplified the Mx1 region of interest by PCR 

using ‘generic’ Mx1 primers (i.e. directed to sequences common to both ferret 

Mx1.1 and Mx1.2) and sequenced the amplified product. Chromatograms from 

Sanger sequencing showed a region with single peaks (Figure 5.4 B) indicating 

that our PCR generated only one product consistent with amplification of a single 

splice variant of Mx1. When comparing the amplified sequence with annotated 

sequences of ferret Mx1.1 and Mx1.2, we found that only splice variant Mx1.2 

(marked in yellow and green in Figure 5.4 B and C) was detected. The 36 bp 

sequence of nucleotides which is specific for Mx1.1 (red characters) was not 

detectable in the chromatogram. Note that due to the sequencing primer, which 

was in reverse orientation, the reverse complement sequences of Mx1.1 and 

Mx1.2 are shown in Figure 5.4 C.  
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Figure 5.4: Identification of Mx1.2 as abundant splice variant in FRL cells. A) 
Flowchart of experimental design. B) FRL cells were stimulated with RIG-I 
agonist (200 ng/mL) and RNA was harvested after 24 hrs and cDNA was 
generated. Mx1 mRNA was amplified by PCR using ‘generic Mx1 primers’ that 
should detect both Mx1.1 and Mx1.2 splice variants and then sequenced with a 
ferret Mx1-primer (reverse orientation) that should also detect both variants. 
Sequencing chromatogram was generated using web-based PolyPeakParser 
tool (Hill et al., 2014). C) Reverse complement sequences from Mx1.1 and Mx1.2. 
Identical sequences are marked in yellow and green in B) and C). The 36 bp 
stretch of nucleotides unique to ferret Mx1.1 is shown in red.  
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5.2.4 Induction of different ferret Mx in ferret airway cells following RIG-I 

agonist treatment or respiratory virus infection 

Next, we aimed to quantify the induction of different ferret Mx in FRL cells in 

response to 3pRNA stimulation or to respiratory virus infection via qRT-PCR. 

First, it was necessary to design primers to allow for detection of unique 

transcripts associated with expression of ferret Mx1.1, Mx1.2 and Mx2. Splice 

variants Mx1.1 and Mx1.2 could be distinguished by designing primers which 

specifically target the 36 bp stretch missing in Mx1.2 (resulting in a primer specific 

for Mx1.1) or to the adjacent sequences upstream and downstream of this 36 bp 

stretch (resulting in a primer specific for Mx1.2) (Figure 5.5 B). FRL cells with 

DOX-inducible overexpression of Mx1.1 or Mx1.2 generated and described later 

in this chapter (section 5.2.6) were used to confirm the specificity of Mx1.1 and 

Mx1.2 primers (Figure 5.5 C). We also designed ‘generic’ Mx1 primers to target 

sequences found in both transcripts of Mx1, as well as primers specific for ferret 

Mx2. Primers were then used to assess mRNA transcript levels of Mx in FRL cells 

after stimulation or infection via qRT-PCR. 

We used specific primers for Mx1.1, Mx1.2 and Mx2 to examine their expression 

in response to RIG-I agonist treatment or to respiratory virus infection. For these 

studies, FRL cells were treated with 3pRNA, control (ctrl) RNA (each 200 ng/mL) 

or with ferret IFN-α and total RNA was isolated 24 hrs later. As seen in Figure 
5.5 D, 3pRNA or IFN-α treatment induced potent upregulation of Mx1.1, Mx1.2 

and Mx2, whereas ctrl RNA treatment did not and no major differences were 

noted between 3pRNA or IFN-α in their ability to induce ferret Mx expression. In 

terms of other ISGs, 3pRNA and ferret IFN-α also induced ISG15 and OAS1 

expression in FRL cells, whereas only 3pRNA induced CCL5, consistent with 

results reported in section 4.2.5. Of interest, ferret Mx1.1 and Mx2 showed similar 

levels of upregulation at 24 hrs post-treatment (~100-fold compared to the 

unstimulated control), while generic Mx1 and ferret Mx1.2 were upregulated to 

much higher levels (~4000-fold compared to unstimulated). Ct levels for Mx1.1 

detection were markedly higher than for Mx1.2 and, together with results 



180 
 

 
 

described in Figure 5.4, indicate that primarily Mx1.2 is expressed following 

IFN-α or RIG-I agonist stimulation in FRL cells.  

To assess how ISGs are induced after IAV or RSV infection, FRL cells were 

infected for 1 hr at 37°C with IAV HKx31 (H3N2) or RSV Long (MOI = 1) and total 

RNA was isolated 24 hrs later. Infection of FRL cells with either IAV or RSV was 

associated with induction of each ferret Mx (Figure 5.5 E). While the fold 

induction was much lower for each ferret Mx compared to 3pRNA or IFN-α 

treatment (Figure 5.5 D), IAV and RSV infection still resulted in significant 

increases in Mx1.1, Mx1.2, Mx1 (generic) or Mx2 expression compared to 

uninfected cells. Of note, flow cytometry confirmed infection of cells by both IAV 

and RSV in these experiments (approximately 12 % and 40 % for IAV and RSV, 

respectively), indicating that the low ISG induction was not due to a lack of 

infection by these viruses (data not shown). When we performed an additional 

experiment including a mutant of IAV strain A/Puerto Rico/8/34 (PR8, H1N1) 

lacking a functional NS1 protein (PR8 ΔNS1) and assessed ISG induction after 

24 hrs, we recorded a strong induction of ISG15, OAS and CCL5 (data not 

shown). It is well established that the IAV NS1 antagonises a number of steps in 

RIG-I mediated recognition and IFN induction and that NS1-deficient IAV induce 

strong activation of these innate antiviral pathways (Rosário-Ferreira et al., 2020), 

thus it is very likely that the minor expression of Mx transcripts recorded after IAV 

HKx31 infection is due to the IAV NS1-mediated suppression of endogenous IFN 

responses. It would be of interest to examine ferret Mx induction in future studies 

using this NS1-deficient IAV and to use a higher MOI to ensure a higher 

proportion of virus-infected cells. 
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Figure 5.5: Induction of different ferret Mx in ferret airway cells in response to 
pre-treatment with 3pRNA or ferret IFN-α, or with infection with IAV or RSV. A) 
Flowchart of experimental design. B) qRT-PCR forward (fwd) primer with specific 
binding for splice variant Mx1.1 (green) or Mx1.2 (blue) were generated. 
C) qRT-PCR primers were evaluated in FRL cells with DOX-inducible 
overexpression of Mx1.1 (grey bars) or Mx1.2 (black bars). Cells were treated 
with 1 μg/mL DOX, incubated for 24 hrs and total RNA was harvested. qRT-PCR 
was performed, expression was normalised to GAPDH and expressed as fold 
induction relative to untreated cells. Data are from one experiment, n=3/group. 
D) FRL cells were transfected with RIG-I agonist (3pRNA, 200 ng/mL) or control 
RNA (ctrl RNA, 200 ng/mL), or treated with ferret IFN-α (50 ng/mL). Then, 24 hrs 
after treatment, total RNA was isolated and the expression of ISGs was assessed 
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by qRT-PCR. E) Cells were infected with HKx31 (H3N2) or RSV Long at MOI = 1, 
washed and cultured in serum-free media. Then, 24 hrs after infection, total RNA 
was isolated and the expression of ISGs was assessed by qRT-PCR. Expression 
is normalised to GAPDH and expressed as fold induction relative to untreated 
cells. D) and E) show the mean (± SD) from triplicate samples and are 
representative of 2 or more independent experiments. A one-way ANOVA with 
Bonferroni’s correction was performed in D) to compare induction after 3pRNA or 
IFN-α treatment compared to ctrl RNA treatment. In E) expression of untreated 
cells was set to 1 and a one-way ANOVA with Bonferroni’s correction was 
performed to compare fold-change in ISG expression after infection to untreated 
cells. ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 

 

5.2.5 Intracellular localisation of ferret Mx proteins  

Analysis of amino acid sequences using the online tools cNLS mapper (Kosugi 

et al., 2009) and NLStradamus (Nguyen Ba et al., 2009) indicated that ferret 

Mx1.1, 1.2 and 2 did not contain a predicted nuclear localisation sequence (NLS). 

NLStradamus detected a putative NLS (RKFLKERLARLGQARRRLAKF) in 

Mx1.1 and Mx1.2, however, this sequence is also detected in dog Mx1 and 

mouse Mx2, which are both expressed in the cytoplasm (Verhelst et al., 2013). 

Each of the programs used detected the confirmed NLS in mouse Mx1 

(REKKKFLKRRLLRLDEARQKLAKFS) and cNLS mapper detected a NLS in 

human MxB (ILQEKNRYSWLLQEQSETATKRRILK) and both of these proteins 

are known to localise to the nucleus. cNLS mapper predicts NLS-specific to the 

importin αβ pathway and NLStradamus can also identify additional known NLS 

(Nguyen Ba et al., 2009). However, as the power of such computational methods 

is limited, it was important to experimentally determine if different ferret Mx 

localised to the cytoplasm or to the nucleus.  

For these studies, A549 cells were reverse transfected (i.e. plated and 

transfected at the same time, as per Materials and Methods) with pcDNA3.1 

vectors expressing individual ferret Mx proteins (Mx1.1, 1.2 and 2), or with human 

MxA or human MxB pcDNA3.1 vectors were engineered to express each ferret 

Mx with a N-terminal FLAG tag to allow for immunohistochemical staining without 

the need of species-specific antibodies.  
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Therefore, at 30 hrs post transfection, cells were fixed, permeabilised and 

stained for intracellular expression of FLAG. The nuclear compartment was 

visualised by DAPI staining and pcDNA3.1 transfected cells could be identified 

by confocal microscopy due to constitutive expression of mCherry. 

As seen in Figure 5.6 (upper panels), human MxA expression was restricted to 

the cytoplasm, whereas human MxB localised to the nucleus, consistent with their 

reported cellular localisation (Aebi et al., 1989; Melén et al., 1996). When 

examining ferret Mx proteins, we found that ferret Mx1.1, Mx1.2 and Mx2 were 

all expressed exclusively within the cytoplasmic compartment Figure 5.6 (lower 
panels). When examining staining patterns in more detail, we noted that ferret 

Mx1.2 and Mx2 showed punctate staining in the cytoplasm, whereas ferret Mx1.1 

showed a more diffuse staining pattern. Together, these studies confirm that all 

ferret Mx proteins localise exclusively to the cytoplasm when expressed in A549 

cells. For future studies endolysosomal markers could be included to investigate 

if Mx proteins predominantly localise to vesicular compartments.  
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Figure 5.6: Subcellular localisation of ferret Mx1.1, Mx1.2 and Mx2 in A549 cells. 
A549 cells were reverse transfected with pcDNA3.1 plasmids expressing ferret 
Mx1.1, Mx1.2 or Mx2, or with human MxA or MxB, each with a N-terminal FLAG 
tag. Then, 30 hrs later, cells were fixed, permeabilised and stained for the 
intracellular expression of the FLAG-tagged proteins. Stained samples were 
analysed via immunofluorescence microscopy. Scale bar = 20 µm. 
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5.2.6 Investigating the utility of an inducible overexpression system to study 

the antiviral function of ferret Mx proteins 

To assess the role of Mx proteins during RIG-I agonist-mediated protection from 

IAV and RSV infection, we aimed to generate human A549 and ferret FRL cells 

with DOX-inducible overexpression of species-specific Mx or with cytoplasmic 

ovalbumin (cOVA), as an irrelevant control protein. In initial experiments we 

assessed the utility of the DOX-inducible system using stable lines of mouse LA-4 

cells with DOX-inducible overexpression of mouse Mx1 or cOVA (kindly provided 

by Melkamu Tessema, The University of Melbourne). LA-4 cells were transfected 

with 3pRNA or ctrl RNA (each 200 ng/mL). After transfection, cells were cultured 

for 24 hrs in media with or without 1 μg/mL DOX and then infected with RSV 

Long-GFP (MOI = 1) or IAV HKx31 (MOI = 10) and the percentage of RSV- or 

IAV-infected cells was determined by flow cytometry at 18 hpi or 8 hpi, 

respectively.  

In untreated cells, inducible mouse Mx1, but not cOVA, reduced the percentage 

of IAV-infected cells (Figure 5.7 A, middle and right panel), confirming that 

DOX-inducible mouse Mx1 mediates anti-IAV activity. In all cell lines, 3pRNA 

treatment resulted in significant reduction in the proportion of IAV-infected cell. If 

cells were transfected with 3pRNA in addition to inducible mouse Mx1 

expression, we detected further significant reductions in the percentage of 

infected cells, indicating additive antiviral effects (Figure 5.7 A, right panel). 
Importantly, these additive effects in inhibiting IAV infection were only observed 

in cells with inducible mouse Mx1 and not with cOVA.  

3pRNA treatment also resulted in a significant reduction in the percentage of 

RSV-infected cells in all cell lines (Figure 5.7 B). Interestingly, mouse Mx1 

induction alone did not reduce levels of RSV infection and 3pRNA stimulation of 

Mx1-induced cells did not result in further reduction in levels of RSV infection to 

significant levels (Figure 5.7 B, right panel). Together, these data confirm that 
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inducible mouse Mx1 is a potent antiviral protein against IAV HKx31, but not RSV 

Long, in LA-4 cells.  

Given the success of the inducible system in studying mouse Mx1 in LA-4 cells, 

we attempted to generate A549 and FRL cell lines with DOX-inducible expression 

of human and ferret Mx proteins, respectively. However, following lentivirus 

transduction of A549 cells (with human MxA or cOVA) or FRL cells (with ferret 

Mx1.1, 1.2 or 2, or cOVA) we observed very low infection rates of 

untreated/uninduced cell lines by IAV and/or RSV. Moreover, following 3pRNA 

treatment ISG induction was greatly diminished and almost absent in some cell 

lines. Finally, DOX-inducible expression of human MxA, a known potent inhibitor 

of IAV infection (Xiao et al., 2013), in either A549 or FRL cells did not reduce the 

percentage of IAV-infected cells at 8 hrs post-infection (data not shown). The lack 

of anti-IAV activity using human MxA was particularly concerning. Overall, these 

studies suggested that the lentivirus transduction may have somehow altered the 

characteristics of the A549/FRL cells. Due to limited time towards the completion 

of the PhD, we considered alternative approaches to study the functionality of the 

ferret Mx proteins rather than repeat generation of these cell lines.  

 

 
Figure 5.7: DOX-inducible overexpression of mouse Mx1 in LA-4 cells protects 
from IAV, but not RSV infection. LA-4 parental (i.e. not transduced) cells, or stable 
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LA-4 cells with DOX-inducible expression of cOVA or mouse Mx1 were 
transfected with 3pRNA (red bars) or ctrl RNA (black bars), each at 200 ng/mL, 
or untreated (white bars) 24 hrs prior to infection. After transfection, cells were 
cultured overnight with media with (striped) or without (solid) 1 μg/mL DOX. 
A) Cells were infected with IAV HKx31 (H3N2, MOI = 10) for 1 hr at 37°C, 
washed, and incubated an additional 7 hrs. Cells were fixed and stained for 
intracellular IAV NP and analysed by flow cytometry at 8 hpi. B) Cells were 
infected with RSV Long-GFP (MOI = 1) for 1 hr at 37°C, washed, and incubated 
an additional 17 hrs. Cells were fixed and analysed by flow cytometry at 18 hpi. 
Data shown are representative from at least 2 independent experiments. Data 
represent the mean ± SD (n=3). A two-way ANOVA with Bonferroni’s correction 
was performed to compare 3pRNA treatment to ctrl RNA treatment or untreated 
conditions and to compare Doxycycline treatment to uninduced condition. 
** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant. 
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5.2.7 Investigating the utility of a constitutive overexpression system to study 

the antiviral function of ferret Mx proteins in 293T cells 

Given the utility of pcDNA3.1 vectors to generate high levels of protein expression 

in cells containing the SV40 T antigen (Takebe et al., 1988), we next cloned 

human MxA, mouse Mx1/2 and ferret Mx1.1, 1.2 and 2 into a pcDNA3.1 vector 

with constitutive expression of mCherry and a resistance marker for hygromycin 

selection. Note that all inserts contained a N-terminal FLAG tag to monitor protein 

expression. cOVA lacking a FLAG tag was included as a negative control. 293T 

cells were used for the following experiments as they exhibit high transfection 

efficiency and express exogenous proteins at high levels following transfection 

with pcDNA3.1 vectors.  

Following transfection of 293T cells and culture in the presence of hygromycin, 

mCherry+ cells were enriched by two rounds of cell sorting before use in 

subsequent experiments. Stable expression of vectors encoding individual ferret, 

mouse or human proteins (or cOVA controls) was confirmed by monitoring 

mCherry expression over at least 8 passages (data not shown).  

First, we performed flow cytometry to assess intracellular expression of FLAG-

tagged proteins. We detected high mCherry expression in all cell lines generated, 

ranging from ~87 % in mouse (m)Mx2 to ~98 % in cOVA cells (Figure 5.8). With 

the exception of the cOVA cell line, the high mCherry expression correlated with 

high levels of intracellular FLAG staining with FLAG/mCherry double-positive 

cells ranging from ~86 % in mMx2 to ~98 % in mMx1 cells. Overall, these studies 

confirmed high levels of expression of FLAG-tagged ferret, mouse and human 

Mx proteins.  
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Figure 5.8: mCherry and FLAG-tagged protein expression in stably transfected 
293T cells following selection in hygromycin and enrichment by cell sorting.  293T 
cells transfected with pcDNA3.1 plasmids expressing ferret (f)Mx1.1, (f)Mx1.2 or 
(f)Mx2, mouse (m)Mx1 or (m)Mx2, or human(h) MxA, each with a N-terminal 
FLAG tag were cultured in the presence of hygromycin and enriched for mCherry 
expression by two rounds of cell sorting, as described in Materials and Methods. 
Cells transfected with cOVA lacking a FLAG tag were included as a control. Cells 
were fixed, permeabilised and stained for intracellular expression of 
FLAG-tagged protein and analysed by flow cytometry. Representative dot plots 
of each cell line are shown. 
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5.2.8 Overexpression of mouse Mx1 and human MxA, but not ferret Mx 

proteins, in 293T cells inhibits IAV infection and growth 

Next, we assessed IAV infection and growth in cell lines overexpressing individual 

Mx proteins. For these studies, cells were infected with IAV HKx31 (MOI = 2) for 

1 hr at 37°C and the percentage of IAV-infected cells was determined by flow 

cytometry at 8 hpi. As seen in Figure 5.9 A, compared to cOVA control cells, IAV 

infection was potently and significantly inhibited by both human MxA and mouse 

Mx1, consistent with their known activity as potent inhibitors of IAV infection. Of 

note, the antiviral effect of human MxA and mouse Mx1 was also evident against 

a strain of H1N1pdm09 virus (data not shown). Mouse Mx2 did not inhibit IAV 

infection, also consistent with previous studies (Jin et al., 2001). These results 

were encouraging and provided confidence that our overexpression system 

represented a robust approach to study functional Mx1 proteins. However, we 

were surprised that none of the ferret Mx proteins inhibited IAV infection under 

experimental conditions where both mouse Mx1 and human MxA did (Figure 
5.9 A).  

To determine if Mx protein expression could affect virus growth, cells were 

infected with IAV HKx31 (MOI = 2.5) for 1 hr at 37°C and supernatants were 

harvested at 2 hpi (to determine residual virus) and at 24 hpi (to determine 

increase in virus titres). Of note, exogenous trypsin was not included in culture 

media allowing for the assessment of virus titres following a single cycle of 

infection. Consistent with infection data, human MxA and mouse Mx1 were potent 

inhibitors of IAV growth, whereas mouse Mx2 was not (Figure 5.9 B). 

Interestingly, none of the ferret Mx proteins had a major impact on IAV release at 

24 hrs, indicating that ferret Mx proteins do not exhibit anti-IAV activity, at least 

when overexpressed in 293T cells. We also determined the fold change in viral 

titre by comparing titres at 2 hrs vs 24 hrs, confirming potent inhibition of IAV only 

by human MxA or mouse Mx1 (Figure 5.9 B).  
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Figure 5.9: Expression of human MxA and mouse Mx1, but not ferret Mx proteins, 
in 293T cells results in inhibition of IAV infection and replication.  293T cells 
overexpressing cOVA, mouse Mx1 (mMx1), mouse Mx2 (mMx2), human MxA 
(hMxA), ferret Mx1.1 (fMx1.1), ferret Mx1.2 (fMx1.2) or ferret Mx2 (fMx2) protein 
were generated. A) Cells were inoculated for 1 hr at 37°C with IAV HKx31 
(MOI = 2) and incubated an additional 7 hrs, fixed and the percentage of 
IAV-infected cells was determined by flow cytometry. B) Cells were inoculated for 
1 hr at 37°C with IAV HKx31 (MOI = 2.5). Supernatants were harvested at 2 hpi 
and 24 hpi and titres of infectious virus were determined in clarified supernatants 
using a VS assay on MDCK cells. The dashed line represents the limit of 
detection. C) Fold change in virus growth from B) was determined by comparing 
titres after 24 hrs to residual virus after 2 hrs. Data show the mean (± SD) from 
triplicate samples and are representative of 2 or more independent experiments. 
A one-way ANOVA was used in A) and C) to assess viral infection or growth in 
all cell lines compared to cOVA and in B) a two-way ANOVA with Bonferroni’s 
correction was used to compare viral titres after 2 hrs to 24 hrs. * = p<0.05; 
** = p<0.01; **** = p<0.0001; ns = not significant. 
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5.2.9 Overexpression of different mammalian Mx proteins in 293T cells did not 

inhibit RSV growth 

Having confirmed the utility of the 293T overexpression system using mouse Mx1 

and human MxA to demonstrate inhibition of IAV, we next wanted to assess if Mx 

protein could affect RSV infection and virus growth. Cells were infected with RSV 

Long-GFP (MOI = 0.8) for 1 hr at 37°C and the percentage of RSV-infected cells 

was determined by flow cytometry at 18 hpi. As seen in Figure 5.10 A, RSV 

infection was not inhibited but was actually increased in cells expressing either 

human MxA or mouse Mx1 when compared to cOVA control cells. While 

increased infection was surprising (and could be investigated further in repeat 

experiments), our results are certainly consistent with others that indicate that 

neither human MxA nor mouse Mx1 display antiviral activity against RSV (Atreya 

et al., 1999). In these experiments, neither mouse Mx2, nor any of the ferret Mx 

proteins (Mx1.1, Mx1.2 or Mx2), inhibited RSV infection significantly compared to 

cOVA control cells.  

To determine if Mx proteins inhibit RSV growth, cells were infected with RSV Long 

(MOI = 1) for 1 hr at 37°C and supernatants were harvested at 2 hpi and at 48 hpi. 

When examining virus growth, neither human MxA or mouse Mx1 inhibited RSV 

growth to a significant degree. Consistent with infection data, neither mouse Mx2 

nor any of the ferret Mx proteins impacted RSV release at 48 hpi (Figure 5.10 B). 

Comparison of titres at 2 hpi vs 48 hpi to determine fold change in virus titre 

confirmed no significant inhibition of RSV growth by any of the Mx proteins 

studied (Figure 5.10 C). 
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Figure 5.10: Expression of ferret Mx proteins does not inhibit RSV infection and 
replication in 293T cells. 293T cells overexpressing cOVA, mouse Mx1 (mMx1), 
mouse Mx2 (mMx2), human MxA (hMxA), ferret Mx1.1 (fMx1.1), ferret Mx1.2 
(fMx1.2) or ferret Mx2 (fMx2) proteins were generated. A) Cells were inoculated 
for 1 hr at 37°C with RSV Long-GFP (MOI = 0.8) and incubated an additional 
17 hrs, fixed and the percentage of RSV-infected cells was determined by flow 
cytometry. B) Cells were inoculated for 1 hr at 37°C with RSV Long (MOI = 1). 
Supernatants were harvested at 2 hpi and 48 hpi and titres of infectious virus 
were determined in clarified supernatants using a VS assay on HEp-2 cells. The 
dashed line represents the limit of detection. C) Fold change in virus growth from 
B) was determined by comparing titres after 48 hrs to residual virus after 2 hrs. 
Data show the mean (± SD) from triplicate samples and are representative of 2 
or more independent experiments. A one-way ANOVA was used in A) and C) to 
assess viral infection or growth in all cell lines compared to cOVA and in B) a two-
way ANOVA with Bonferroni’s correction was used to compare viral titres after 
2 hrs to 48 hrs. * = p<0.05; **** = p<0.0001; ns = not significant. 

  



194 
 

 
 

5.2.10 Preliminary characterisation of FRL cell lines that overexpress individual 

ferret Mx proteins 

Evidence indicates that anti-IAV activity of MxA relies on additional cellular factors 

such as UAP 56, URH49 and/or the SMARCA2 chromatin remodelling factor 

(Wisskirchen et al., 2011a; Wisskirchen et al., 2011b; Dornfeld et al., 2018). We 

hypothesised that the lack of antiviral activity of overexpressed ferret Mx in 293T 

cells might result from incompatibility with particular human cellular proteins that 

are required to exert antiviral activity. Therefore, we generated ferret FRL cells 

with constitutive expression of ferret Mx1.1, Mx1.2 and Mx2, as well as human 

MxA and cOVA, using the pcDNA3.1 expression plasmid described above.  

Following transfection of FRL cells and culture in the presence of hygromycin, 

mCherry+ cells were enriched by two rounds of cell sorting and expression of 

individual ferret or human proteins (or cOVA controls) was assessed by analysing 

mCherry expression. As seen in Figure 5.11 A, mCherry expression for all cell 

lines was >95 %. Due to time constraints, we only performed preliminary infection 

experiments and will use these cell lines in future studies to assess viral 

replication.  

FRL cells overexpressing ferret or human Mx proteins, or cOVA, were infected 

with IAV HKx31 (MOI = 5) or RSV Long (MOI = 1) for 1 hr at 37°C and the 

percentage of infected cells was determined by flow cytometry at 8 hpi or 18 hpi, 

respectively. As seen in Figure 5.11 B, the percentage of IAV-infected cells was 

significantly reduced in FRL cells overexpressing ferret Mx1.2 and Mx2 when 

compared to cOVA expressing cells, while ferret Mx1.1 and human MxA did not 

reduce IAV infection. The result with human MxA was surprising, as this protein 

inhibited IAV when stably overexpressed in 293T cells (Figure 5.9). During RSV 

infection, ferret Mx1.1 expression resulted in a modest increase in the percentage 

of infected cells, while expression of ferret Mx2 and human MxA resulted in 

reductions, noting that the changes observed were more modest when compared 

to IAV (Figure 5.11 C). Unfortunately, these studies could not be pursued further 

due to lack of time, however they suggest that ferret Mx1.2 may exhibit some 

antiviral activity which could be explored further in subsequent studies. Of 
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interest, ferret Mx1.2 is also the predominant ferret Mx upregulated in response 

to RIG-I agonists (Figure 5.5 D).  

Thus, these preliminary results suggest that one or more ferret Mx proteins may 

show some potential to mediate antiviral activity against IAV and RSV when 

overexpressed in ferret cells.  
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Figure 5.11: Expression of specific ferret Mx proteins can inhibit IAV and RSV 
infection of ferret FRL cells. FRL cells overexpressing cOVA, human MxA 
(hMxA), ferret Mx1.1 (fMx1.1), ferret Mx1.2 (fMx1.2) or ferret Mx2 (fMx2) protein 
were generated. A) Cells were stained for intracellular FLAG expression and 
analysed by flow cytometry. Dot plots show FLAG and mCherry expression for 
each cell line. B) FRL cells were inoculated for 1 hr at 37°C with IAV HKx31 
(MOI = 5), incubated an additional 7 hrs, fixed and the percentage of IAV-infected 
cells was determined by flow cytometry. C) FRL cells were inoculated for 1 hr at 
37°C with RSV Long (MOI = 1), incubated an additional 17 hrs, fixed and the 
percentage of RSV-infected cells was determined by flow cytometry. Data show 
the mean (± SD) from triplicate samples. A one-way ANOVA with Bonferroni’s 
correction was used in B) and C) to assess viral infection in all cell lines compared 
to cOVA. ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns = not significant.  
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5.3 Discussion  

Mx proteins from different species have been shown to mediate antiviral activity 

against a range of viruses. In some cases, the antiviral functions of Mx proteins 

are conserved between species, however other studies suggest considerable 

inter-species variation. As (to our knowledge) ferret Mx proteins have not been 

investigated and reported, studies in this chapter aimed to characterise ferret Mx 

proteins by assessing their expression and induction, cellular localisation and 

antiviral function against IAV and RSV. 

As for most mammals, ferrets express two variants of Mx, namely Mx1 and Mx2, 

with Mx1 expressed as two splice variants, Mx1.1 and Mx1.2. Phylogenetic 

analysis revealed that ferret Mx1 clusters to the Mx1 lineage whereas ferret Mx2 

clustered to the Mx2 lineage (Figure 5.2 A). Within the Mx lineages, ferret Mx 

were most closely related to Mx from brown bear, walrus and dog and more 

distantly related to human Mx proteins, however this is not surprising because 

ferret, bear, walrus and dog all belong to the suborder of caniformia (Flynn et al., 

2005). Mouse Mx proteins formed a distinct lineage in our analyses, as reported 

by others (Verhelst et al., 2013). While few other studies have assessed the 

phylogeny of ferret ISG proteins, a recent report indicated that ferret IFITM1, 

IFITM2 and IFITM3 showed greatest protein sequence homology to pig IFITMs, 

however, no member of caniformia such as bear, walrus or dog IFITMs were 

included in the study (Horman et al., 2021). In our analysis, sequence homology 

of ferret Mx1 to pig Mx1 is comparable to that of human Mx1 and similar is true 

for homologies in the Mx2 lineage. Our analyses of the predicted protein 

sequences of ferret Mx also confirmed specific signature sequences required for 

Mx activity were conserved (Figure 5.1), consistent with the potential for one or 

more ferret Mx to exhibit some form of antiviral function.  

When analysing expression of splice variants Mx1.1 and Mx1.2, pre-treatment of 

FRL cells with RIG-I agonist induced splice variant Mx1.2 to much higher levels 

compared to Mx1.1. This was observed following sequencing of the Mx1 gene 

product amplified (using generic Mx1 primers) from the mRNA of 3pRNA-treated 

FRL cells as only nucleotides corresponding to the Mx1.2 variant were detected 
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in the amplified product (Figure 5.4 B). Moreover, qRT-PCR using specific 

primers to amplify either Mx1.1 or Mx1.2 indicated that Mx1.2 was induced to 

much higher levels following pre-treatment of cells with either IFN-α or RIG-I 

agonist (Figure 5.5). Further BLAST analyses indicate that the 36 bp sequence 

expressed in ferret Mx1.1, but not 1.2, has also been described in the Mx1 

transcript variant X3 from sea otters (NCBI: XM_022516028.1) but not from any 

other species, indicating that this variant is not well conserved and therefore may 

not fulfil an essential function such as antiviral activity to promote its selection 

during evolution. A BLAST search for the 23 bp sequence in ferret Mx1.1, but not 

Mx 1.2, yielded ambiguous results perhaps due to the short nucleotide sequence. 

3’-RNA sequencing confirmed upregulation of ferret Mx1 and Mx2 transcription 

levels in response to pre-treatment with IFN-α or RIG-I agonist, however it was 

not possible to distinguish Mx1.1 and Mx1.2 splice variants from this analysis 

(Figure 5.3).  

We have shown that Mx1.2 appears to be preferably transcribed over Mx1.1 after 

RIG-I stimulation of FRL cells. However, it is well established that mRNA levels 

do not necessarily correlate to protein levels for a number of reasons including 

variation in the translational efficiency between different mRNA transcripts. It 

would be interesting to assess protein expression levels of ferret Mx1.1 and 

Mx1.2, which could be done in future studies if antibodies to other mammalian 

Mx proteins were suitably cross-reactive with the ferret Mx. Of interest, studies 

from van Riel et al. used a mouse monoclonal antibody (mAb) to detect 

cytoplasmic expression of MxA in lung tissue from IAV H5N1-infected human, 

macaque, cats and ferrets (van Riel et al., 2013). This confirms the utility of cross-

reactive antibody reagents for such studies. To confirm the expression as well as 

molecular weight of individual overexpressed ferret Mx proteins in our system of 

FRL or 293T cells, it would also be of use to perform western blot using an 

anti-FLAG mAb.  

An important caveat to our studies is that we performed relative qRT-PCR 

analysis and did not assess absolute expression of ferret Mx mRNA transcripts. 

Although our findings suggest that absolute expression of splice variant Mx1.2 is 
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higher than Mx1.1, it is important to consider that the efficiency of different 

qRT-PCR reactions will differ due to primer quality and other factors. Use of 

control plasmids to generate a standard curve for ferret Mx1.1, Mx1.2 and Mx2 

represents an alternate approach to gain insights regarding the copy number of 

each ferret Mx transcript following treatment with IFN-α or RIG-I agonist or after 

virus infection. Another option to assess relative expression of different splice 

variants might be advanced qRT-PCR analysis using internal control primers 

present in both splice variants, as well as variant-specific primers in the one qRT-

PCR reaction (Camacho Londoño et al., 2016). 

Alternative splicing is a complicated but essential mechanism to increase 

complexity of gene expression and to regulate cellular processes (Wang et al., 

2015). In humans, 95 % of multi-exon genes undergo alternative splicing although 

the significance of alternative splicing is still largely unknown (Skandalis et al., 

2010). One study of particular interest showed that IFN-α treatment of human 

fibroblasts resulted in expression of a 76 kDa cytoplasmic MxA protein which 

mediated antiviral activity against HSV-1 (Ku et al., 2011). However, HSV-1 

infection resulted in induction of an alternatively spliced variant of 56 kDa (with a 

deletion of exon 14-16 and a frameshift mutation) that was expressed in the 

nucleus and appeared to actually enhance HSV-1 replication. The authors 

proposed that expression of the alternatively spliced variant represents a 

mechanism to evade host-mediated immune responses (Ku et al., 2011). Based 

on our overexpression studies to date, the antiviral function of ferret Mx1.1 

compared to Mx1.2 are not clear although our preliminary experiments suggest 

that they may differ in regards to their antiviral function at least against IAV and 

RSV (Figure 5.11). Refinement of our overexpression studies in FRL cells, 

combined with confirmation using the DOX-inducible system for each ferret Mx in 

FRL cells, represent approaches that could be used to confirm antiviral activity of 

ferret Mx proteins. Additionally, shRNA knockdown or CRISPR/Cas9 deletion 

methods could be used to confirm antiviral activity of endogenous ferret Mx1 and 

Mx2, but would not distinguish between the activity of the different Mx1 variants. 
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Transfection of A549 cells with pcDNA3.1 plasmids expressing ferret Mx proteins 

confirmed that Mx1.1, Mx1.2 and Mx2 were expressed exclusively in the 

cytoplasmic compartment (Figure 5.6). This is in line with a study from van Riel 

et al. who used a cross-reactive mouse mAb to detect MxA in the cytoplasm of 

lung cells from IAV H5N1-infected ferrets (van Riel et al., 2013). Nuclear transport 

is often dependent on the importin-protein family and we did not detect evidence 

of importin-specific NLS within ferret Mx1 and Mx2. However, future studies will 

confirm the localisation of each ferret Mx following ectopic expression in FRL cells 

to exclude any possibility of incompatibility between human cellular proteins and 

ferret Mx which might impact their localisation.  

Studies in this chapter utilised a number of approaches to investigate if different 

ferret Mx could mediate antiviral activity against IAV or RSV. We validated a 

DOX-inducible Tet-On system for inducible expression of mouse Mx1 in mouse 

LA-4 cells however we were unable to generate stable FRL or A549 cell lines with 

DOX-inducible expression of ferret Mx proteins and speculate that the lentivirus 

transduction may have had unwanted effects on the cells in regard to ISG 

expression and susceptibility to virus infection.  

Given that the same plasmids and experimental protocols were used to generate 

LA-4 cells with inducible mouse Mx1 expression we would suggest that rather 

than aberrant lentiviral integration into FRL and A549 cells or some form of 

underlying contamination might have led to these surprising results, although 

mycoplasma contamination was excluded by PCR analysis and culture of cells in 

antibiotic-free media did not result in amplification of bacterial contamination over 

time. While the usage of lentiviral vectors is a useful tool for stable integration 

and delivery of genes into host cells, this technique still bears obstacles as seen 

in our studies. Other groups such as Huang et al. have also reported that lentiviral 

transduction of shRNA non-specifically inhibited HCV infection in human 

hepatoma cells which was induced by a dysregulation of host miRNA (Huang et 

al., 2018). Although we lack experimental proof it is possible that similar effects 

resulted in significant alterations of the characteristics of A549 and FRL cells used 

in our studies. 
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We believe this approach will be an important one to confirm antiviral activity of 

ferret Mx in FRL cells in future studies and has recently been used by our group 

to investigate the antiviral activity of human IFITM proteins against IAV and 

parainfluenza viruses (Meischel et al., 2021).  

 

Due to time limitations, we instead generated FRL and 293T cells with constitutive 

expression of Mx proteins. In contrast to DOX-inducible expression where protein 

expression is tightly regulated and for IFITM proteins has been shown to reach 

maximum levels comparable with those of the endogenous protein induced by 

type I IFNs (Meischel et al., 2021), constitutive expression can result in much 

higher levels of protein expression and continual protein expression might alter 

other cellular characteristics over time. Given that expression of ferret Mx proteins 

is regulated by type I and III IFNs an inducible-expression system would have 

been preferable however constitutive overexpression systems have been widely 

used to gain insights regarding Mx and other ISG proteins (Villalon-Letelier et al., 

2017). A particularly elegant approach to study human MxA was described by 

Deeg et al. who generated a mouse strain with expression of human MxA under 

an interferon-stimulated response element (ISRE), allowing for expression of 

MxA after IFN treatment (Deeg et al., 2017). Use of an ISRE-inducible expression 

system could be an option for future studies to assess the antiviral activity of ferret 

Mx. In addition to overexpression studies and as mentioned above, shRNA 

knockdown or CRISPR/Cas9 knockout would be complementary approaches to 

confirm the antiviral activity of endogenous ferret Mx1 and Mx2 and would be 

particularly informative in FRL cells in the presence or absence of pre-treatment 

with ferret IFN or RIG-I agonist. 

 

When constitutively overexpressed in 293T cells, none of the ferret Mx reduced 

infection or replication of IAV (Figure 5.9) or RSV (Figure 5.10), noting that 

human MxA and mouse Mx1 both restricted IAV infection, confirming the 

functionality of our system (Figure 5.9). Interestingly, following constitutive 

overexpression of the same constructs in FRL cells, ferret Mx1.2 and Mx2 did 

appear to inhibit IAV infection (Figure 5.11). These preliminary studies were 
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performed at the completion of the PhD and will require additional repeats. While 

it is concerning that human MxA did not inhibit IAV when expressed in FRL cells, 

it is intriguing to consider if ferret Mx might inhibit IAV when overexpressed in 

ferret cells and how this fits in with other results described in this chapter. First, 

antiviral activity of Mx1.2, but not Mx1.1, against IAV would correlate with 

preferred induction and expression of Mx1.2 in FRL cells and raises questions as 

to whether ferret Mx1.1 possesses antiviral function at all or if it is a poorly 

expressed splice variant with an alternate function. Additional experiments could 

assess the breadth of antiviral activity of the different ferret Mx against other 

viruses known to be inhibited by Mx from other species (e.g. VSV, HBV or 

herpesviruses, amongst others). Second, our results would suggest that ferret 

Mx proteins are only antiviral when expressed in ferret cells. Similarly, at face 

value human MxA exhibits anti-IAV activity following overexpression in human, 

but not ferret cells. Previous studies have indicated that some Mx proteins exhibit 

species-specific antiviral functions although this is determined more by features 

of the Mx proteins themselves rather than the cell species they are expressed in. 

For example, human MxB is antiviral against HIV-1 when expressed in the 

nucleus and a short isoform expressed in the cytoplasm does not inhibit HIV-1 

while engineering the 91-residue N-terminal sequence of MxB onto human MxA 

targets expression to the nuclear envelope resulting in inhibition of HIV-1 (Goujon 

et al., 2014). However, human MxB has no activity against non-primate 

lentiviruses such as equine infectious anemia virus (EIAV) (Goujon et al., 2013; 

Kane et al., 2013; Goujon et al., 2014) whereas equine Mx2 restricts both HIV-1 

and EIAV (Ji et al., 2018; Meier et al., 2018). Moreover, when the N-terminus of 

human MxB is substituted onto equine Mx2 its antiviral activity against EIAV is 

lost, confirming the requirement of the native N-terminus for the antiviral activity 

of equine Mx2 against this equine virus. Clearly, further controlled studies are 

required to confirm the antiviral activities of different ferret Mx and to resolve 

some of the confounding issues associated with our overexpression studies in 

human and ferret cell lines. Resolving the functionality of different ferret Mx in 

human and ferret cells is critical, as well as determining their spectrum of antiviral 

activity against human viruses used in the ferret model (e.g. IAV, RSV, HMPV), 
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but also viruses associated with natural infection of ferrets (e.g. canine distemper 

virus (Ludlow et al., 2014), ferret enteric coronavirus or ferret systemic 

coronavirus (Haake et al., 2020)). 

 

Finally, after establishing a robust experimental system to study ferret Mx, it will 

be of interest to assess their antiviral activity against different IAV. Our preliminary 

studies have used HKx31, a reassortant of A/Aichi/2/68 (H3N2) with PR8, bearing 

the H3N2 surface glycoproteins, which is widely used for studies in mice by virtue 

of expressing the internal proteins of the mouse-adapted PR8 strain. However, 

the antiviral function of human MxA is more potent against non-human derived 

IAV and most human strains of IAV expressed ‘MxA escape mutations’ in the viral 

NP (Haller et al., 2020). Similarly, equine Mx1 restricts IAV of non-equine species 

whereas equine IAV, including certain H3N8 and H7N9 strains, also express 

mutations in the viral NP to escape restriction by equine Mx1 (Fatima et al., 2019). 

With a robust system in place to assess the anti-IAV activity of ferret Mx, it would 

be of interest to see if IAV strains with escape mutations against human MxA 

and/or equine Mx1 still remain sensitive to ferret Mx. Given the well-established 

role of human and mouse Mx proteins against IAV, understanding the antiviral 

activity of different Mx against human IAV is of particular importance, given the 

widespread use of this animal model to study human IAV infections. 
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6 Chapter: Overall Discussion 
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In late 2019, a novel severe acute respiratory syndrome coronavirus (SARS-

CoV)-2 emerged from China and spread in the human population, resulting in a 

global pandemic of the disease known as COVID-19 (Felsenstein et al., 2020). 

As of July 20th 2021, more than 190 million cases and over 4 million fatalities 

have been associated with COVID-19. Although coronaviruses have previously 

crossed species barriers to infect humans, such as the SARS-CoV-1 outbreak in 

2003/2004 and the Middle Eastern respiratory syndrome coronavirus (MERS-

CoV) outbreak in 2012, treatment options against coronaviruses are currently 

limited and mainly consist of supportive care (Sanders et al., 2020). Moreover, 

historically IAVs have been responsible for the majority of pandemics in the 

human population and a range of additional viruses are also associated with 

respiratory disease and represent a significant burden to human health. Thus, 

there is the urgent need to develop new and broad-spectrum antiviral treatments, 

particularly against respiratory viruses.  

In this thesis, we evaluated and characterised the antiviral effects of RIG-I 

agonists in mammalian cell culture, as well as in mouse and ferret models of IAV 

and RSV infection. Our studies demonstrate that prophylactic treatment of 

human, mouse and ferret airway cells with 3pRNAs in vitro resulted in protection 

from subsequent IAV and RSV infection. This protection was associated with 

induction of multiple ISGs in each cell type and with reduced levels of virus 

infection (determined by flow cytometry) and virus growth. We also translated our 

in vitro findings to different in vivo settings, demonstrating that a single 

prophylactic, i.v. injection of 3pRNA prior to IAV or RSV infection of mice or ferrets 

resulted in significant protection, particularly in regard to reduced virus growth in 

the lower respiratory tract of infected animals. In the mouse model, we confirmed 

that potent and long-lasting 3pRNA-mediated protection against IAV infection 

was dependent on the expression of a functional Mx1 protein. Additional studies 

have been described which investigate the induction and antiviral activity of ferret 

Mx proteins.  
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6.1  RIG-I agonists as antivirals against respiratory virus infections 

Respiratory infections caused by IAV and RSV lead to a substantial global burden 

and are associated with high mortality and morbidity rates, especially among risk 

groups such as the elderly.  

Therapeutic agents against IAV such as NAIs or polymerase inhibitors have been 

shown to efficiently reduce the duration of clinical symptoms however they have 

to be administered early after onset of symptoms and are limited in their 

effectiveness due to emerging viruses with reduced sensitivity to NAIs (Hurt et 

al., 2009; Davidson, 2018; Shirley, 2020). To date, vaccines represent the best 

prophylactic agent to prevent and ameliorate infection however vaccine 

effectiveness can be impacted by different factors such as age or previous 

influenza exposure (Radin et al., 2016). Moreover, vaccines have to be 

administered yearly due to the constant accumulation of mutation within HA and 

NA. Additionally, the generation of a new vaccine requires several months of 

preparation, which contradicts its usage against emerging pandemic IAVs.  

In contrast, there are no licenced vaccines available for RSV although intense 

development of RSV vaccine candidates have recently shown promising results 

(Shan et al., 2021). There are two FDA-approved antiviral drugs, aerosolized 

ribavirin and pavilizumab, an guanosine-nucleoside analogue and monoclonal 

antibodies targeting RSV, respectively, however high costs associated with 

treatment and possible side effects have limited widespread use (Hu et al., 2010; 

Homaira et al., 2014; Olchanski et al., 2018).   

While most of current drug discovery landscape aimed to design inhibitors 

specific to target IAV or RSV components itself, host-directed therapies such as 

RLR activation results in a stimulation of host immunity and an induction of an 

antiviral state independent on the specific virus. This makes it a promising 

treatment option especially against newly emerging viruses without pre-existing 

immunity in the population. 
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We used airway cells from humans, mice and ferrets to demonstrate conservation 

of the RIG-I signaling pathway across different species. It was evident that 

3pRNA, but not ctrl RNA treatment, resulted in ISG induction in cells from each 

species, and this correlated with 3pRNA-mediated inhibition of virus infection and 

growth following subsequent challenge with IAV or RSV. 

In silico analyses detected the DExD/H-containing RNA helicases RIG-I, MDA5 

and LGP2 in the genome of different vertebrates and invertebrates and confirmed 

a high level of conservation (Zou et al., 2009). Of interest, RIG-I appears to be 

absent in chickens and Baber et al. suggested that this might provide a plausible 

explanation for the increased susceptibility of chickens to HPAI (Barber et al., 

2010). However, subsequent studies showed that in chickens, IAV infection is 

sensed by MDA5 rather than by RIG-I and that this results in IFN-β induction 

(Karpala et al., 2011; Liniger et al., 2012), although knockdown of chicken MDA5 

or induction of chicken IFN-β did not appear to affect HPAI replication (Karpala 

et al., 2011; Hayashi et al., 2014). Chicken MDA5 has been shown to 

preferentially sense short poly(I:C) instead of the longer RNA sequences typically 

detected by mammalian MDA5, providing another hint that the function of chicken 

MDA5 may have evolved to compensate for the loss of RIG-I (Hayashi et al., 

2014).  

In general terms, RLRs broadly function as an intracellular virus surveillance 

system although the function of RIG-I and MDA5 can show marked differences 

in different species. To further define specific roles of MDA5 and RIG-I, gene 

knockout approaches (e.g. CRISPR/Cas9) are preferable over gene knockdowns 

using RNAi because knockdowns can result in only a partial loss of gene 

expression, whereas knockouts generate a stable cell lines which do not express 

the gene of interest. However, in our studies the generation of CRISPR/Cas9 

knockouts in mouse and ferret airway cells has been proven to be challenging 

largely due to characteristics of the particular cell lines. In the case of mouse LA-4 

cells, the polyploid and unstable karyotype has been a major issue to generate 

stable knockout cell lines. Attempts to utilise CRISPR/Cas9 to delete RIG-I in 
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ferret FRL cells failed mainly due to high levels of cell death and poor cell recovery 

following electroporation. Given these issues, we generated RIG-I knockdown 

cells and were able to demonstrate that 3pRNA-mediated protection against IAV 

and RSV was significantly reduced in RIG-I knockdown cells (Figure 4.4). While 

CRISPR/Cas9 in FRL cells would seem an obvious approach to assess the role 

of endogenous ferret Mx1 and Mx2 against IAV and RSV infections in the future, 

our experience with attempting to knockout RIG-I from FRL cells suggests this 

should be approached with caution.  

RIG-I agonist pre-treatment of human, mouse and ferret cells resulted in 

protection against subsequent infection by viruses from two distinct families, 

namely Orthomyxoviridae (IAV) or Pneumoviridae (RSV). These viruses were 

chosen for a number of reasons including (i) both represent a significant burden 

to human health (Ackerson et al., 2019), (ii) both can be studied in mouse and 

ferret models of infection (Taylor, 2017; Hemmink et al., 2018), and (iii) these 

viruses utilise very different strategies to replicate within host cells (Ascough et 

al., 2018). In terms of the latter point, IAV replicates within the nucleus, while RSV 

replicates exclusively within the cytoplasmic compartment, although RSV M 

protein has been reported to move between nuclear and cytoplasmic 

compartments at specific times during infection (Walker et al., 2017). IAV and 

RSV also show significant differences in terms of entry and exit pathways utilised 

in infected host cells (Dou et al., 2018; Hu et al., 2020). Despite these differences, 

our studies demonstrate that both infection (viral protein production following 

genomic replication, as detected by flow cytometry) and virus growth (release of 

infectious virus from infected cells) can be suppressed in human, mouse and 

ferret cells by pre-treatment with RIG-I agonists. These findings are consistent 

with other in vitro studies describing the ability of RIG-I agonists to inhibit VSV, 

vaccinia virus, HIV-1 and HCV (Goulet et al., 2013), CHIKV (Olagnier et al., 2014; 

Chiang et al., 2015), DENV (Goulet et al., 2013; Olagnier et al., 2014; Chiang et 

al., 2015) and IAV (Chakravarthy et al., 2010; Ranjan et al., 2010; Goulet et al., 

2013; Chiang et al., 2015). Our studies are the first to demonstrate that RIG-I 

agonist treatment also reduces RSV infection and replication in vitro. Fewer 

studies have reported the effectiveness of RIG-I agonist treatment in vivo, 
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although mouse models have confirmed their protective role against IAV (Ranjan 

et al., 2010; Goulet et al., 2013; Chiang et al., 2015; Coch et al., 2017), SARS-

CoV-2 (Mao et al., 2021; Marx et al., 2021) and CHIKV (Chiang et al., 2015). Our 

studies with IAV in mice have focused on determining the importance of a 

functional Mx1 in RIG-I agonist-mediated protection, moreover we are the first to 

report the effectiveness of this treatment against RSV in mice. In the ferret model 

of infection, our studies are the first to demonstrate the protective role of RIG-I 

agonists against both IAV and RSV. 

Our in vitro and in vivo studies have focused on the effects of prophylactic RIG-I 

agonist treatment following transfection of mammalian cells or i.v. injection of 

mice and ferrets, prior to subsequent virus challenge. Preliminary in vitro studies 

examining the effectiveness of therapeutic RIG-I agonist treatment of A549 cells 

at various times after RSV infection did not yield evidence of significant protection 

(Figure 4.1). However, Chiang et al. showed that therapeutic administration of 

RIG-I agonists up to 4 hrs post-infection reduced levels of DENV and IAV 

infection in A549 cells and monocyte-derived dendritic cells, respectively, 

(Chiang et al., 2015). Olagnier et al. also described reduced replication of CHIKV 

if MRC-5 cells were treated with RIG-I agonists up to 5 hrs after infection 

(Olagnier et al., 2014) and Pattabhi et al. demonstrated that therapeutic treatment 

of RSV-infected HeLa cells with KIN1400, an activator for IRF3 signaling, also 

significantly reduced virus release (Pattabhi et al., 2015; Green et al., 2016). 

Thus, therapeutic effects of RIG-I agonists have been reported in several cell 

culture systems against different viruses. Clearly, further studies are required to 

assess the therapeutic effects of RIG-I agonist treatment against IAV and RSV in 

the in vitro models described in this thesis.  

While we did not assess the utility of therapeutic RIG-I agonist treatment in mouse 

models of IAV or RSV, we did treat experimentally infected donor ferrets with 

RIG-I agonist at day 3 post-infection and found that this resulted in reduced viral 

titres in the lungs 2 days later (Figure 3.9). In mice, i.v. injection of B6.A2G-Mx1 

animals with RIG-I agonist 18 hrs after IAV infection protected them from the 

otherwise lethal virus challenge (Coch et al., 2017) and treatment of C57BL/6 
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mice lacking a functional Mx1 one day after IAV infection also provided some 

protection as reflected by reduced titres of infectious virus in the lung (Goulet et 

al., 2013). Recently, it was shown that therapeutic RIG-I agonist treatment in 

hACE2 Rag-/- mice deficient in T- and B-cell immunity reduced SARS-CoV-2 titres 

in lung tissue and resulted in complete clearance of infectious virus in 5/7 animals 

(Mao et al., 2021). When thinking about the most effective RIG-I agonist 

treatment regimen in mice and ferrets, a combination of prophylactic and 

therapeutic treatments may well prove optimal to reduce virus replication and 

virus-induced disease. Notably, Goulet et al. have already demonstrated that 

treatment of C57BL/6 mice one day prior to, as well as two days after IAV 

infection, resulted in reduced viral titres in the lung when compared to 

prophylactic treatment alone (Goulet et al., 2013). Thus, while studies described 

in this thesis have focused on prophylactic treatments to demonstrate the 

effectiveness of 3pRNA treatment against IAV and RSV, it is clearly of interest to 

explore its therapeutic potential in more detail in future studies.  

 

6.2 The role of Mx proteins during RIG-I agonist-mediated protection 

In the absence of 3pRNA treatment, we confirmed that mice expressing a 

functional Mx1 were much more resistant to IAV infection. This phenomenon is 

well established and has been widely reported (Haller et al., 1981; Arnheiter et 

al., 1990; Tumpey et al., 2007; Deeg et al., 2017). Expression of a functional Mx1 

was critical for the potent and long-lasting effectiveness of RIG-I agonist 

treatment against IAV infection in mice. While Coch et al. used only B6.A2G-Mx1 

mice to demonstrate the prophylactic and therapeutic benefits of 3pRNA 

treatment against IAV infection (Coch et al., 2017), our studies focused on 

comparing 3pRNA treatment in mice which differed only in regard to expression 

of a functional Mx1. 

Our in vitro studies demonstrated that in the absence of stimulation, primary 

fibroblasts from B6.A2G-Mx1 mice expressed constitutively higher levels of ISGs 

such as IFIT1, ISG15 and Mx1 when compared to B6-WT mice (Figure 3.2). 
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In vivo, only Mx1 was expressed at higher levels in lung tissue from B6.A2G-Mx1 

mice and ISG15 levels were not significantly different between B6.A2G-Mx1 and 

B6-WT mice (Figure 3.4). The reduced levels of Mx1 transcripts in B6-WT might 

relate to nonsense-mediated decay (NMD), a quality control mechanism in 

eukaryotic cells whereby mRNAs with premature termination codons are 

degraded (Chang et al., 2007). Mx1-deficient B6-WT mice have 424 nucleotides 

missing from the coding region of Mx1, resulting in a frame shift and premature 

termination of Mx transcripts (Staeheli et al., 1988). Aberrant mRNA transcripts 

with premature termination codons exhibit exon junction complexes (EJCs), 

protein complexes upstream of exon-exon junctions after RNA splicing, and these 

EJCs serve as signal to initiate NMD, resulting in reduced mRNA transcript levels 

(Matsuda et al., 2008). Thus, NMD is one possible explanation for the lower levels 

of endogenous Mx1 mRNA transcripts in B6-WT fibroblasts/mice when compared 

to B6.A2G-Mx1 counterparts. In vivo, ISG15 mRNA levels were expressed to 

similar levels in B6-WT and B6.A2G-Mx1 mice which would be consistent with 

NMD of aberrant Mx1 mRNA in B6-WT animals (Figure 3.4). However, in vitro 

we found that mRNA transcript levels of IFIT1 and ISG15 were also both 

enhanced in B6.A2G-Mx1 fibroblasts and the reasons underlying these 

discrepancies are currently unclear. 

It was surprising that RIG-I agonist treatment of B6.A2G-Mx1 cells or mice did 

not enhance or prolong upregulation of ISGs, particularly Mx1, given their potent 

and long-lasting protection against IAV (Figure 3.3 and Figure 3.4). We 

hypothesise that rather than mRNA, it is Mx1 protein levels that might be critical 

for long-lasting protection against IAV. Unfortunately, we were unable to detect 

Mx1 by western blot in B6-WT or B6.A2G-Mx1 fibroblasts using available 

antibodies, although different commercial antibodies could also be tested in 

future studies. The enhanced potency of RIG-I agonist treatment in B6.A2G-Mx1 

mice likely relates to upregulation of the potent antiviral Mx1 in these animals 

compared to upregulation of the non-functional protein in B6-WT mice, 

particularly likely given that we did not detect major differences in airway 

inflammation between the different mouse strains after RIG-I agonist treatment. 

As only a limited subset of ISGs were assessed in our studies, we cannot rule 
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out that the expression of functional Mx1 augments expression of other ISGs and 

other antiviral proteins and a broader ISG analysis would be beneficial in future 

studies.  

Another interesting difference between the respiratory viruses used in our studies 

is that while it is well established that IAV is sensitive to both human MxA and 

mouse Mx1 (Tumpey et al., 2007; Deeg et al., 2017), there is no clear evidence 

that either protein mediates antiviral activity against RSV. This is of particular 

interest given the importance of Mx1 in the effectiveness of RIG-I agonist pre-

treatment against IAV in the mouse model. To date, it has been reported that 

RSV is resistant to the antiviral effects of type I IFNs and human MxA in vitro 

(Atreya et al., 1999). These studies demonstrated that type I IFN pre-treatment 

of human A549 cells reduced growth of infectious RSV by only 5-10 % compared 

to untreated controls and this effect was lost if IFNs were applied to cells following 

infection. Moreover, Vero or human glioblastoma cells which were transfected to 

constitutively express human MxA remained equally susceptible to RSV infection. 

In our studies, we have used a number of approaches to investigate if mouse 

Mx1 can inhibit RSV, using IAV as a positive control with known sensitivity to this 

protein. 

Using DOX-inducible overexpression of mouse Mx1 in LA-4 cells, we found that 

RSV infection was not restricted by Mx1, indicating that RSV is indeed resistant 

to Mx1 (Figure 5.7). Subsequent treatment with RIG-I agonists did not further 

reduce viral infection, indicating that RIG-I stimulation following DOX induction of 

Mx1 did not have additive effects in RSV restriction. Furthermore, following 

constitutive overexpression of mouse Mx1 and human MxA in 293T cells, both 

MxA and Mx1 potently inhibited IAV but had negligible effects on RSV infection 

and replication (Figure 5.9 and Figure 5.10). However, when assessing the 

effects of endogenous Mx1 using murine fibroblasts, cells from B6.A2G-Mx1 cells 

(expressing functional Mx1) showed enhanced protection following RIG-I 

pre-treatment, although overall levels of RSV infection under ctrl conditions were 

higher in B6.A2G-Mx1 fibroblasts compared to B6-WT cells (Figure 4.2). It is 

tempting to speculate that expression of a functional Mx1 in B6.A2G-Mx1 mice 
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might contribute to the more potent RIG-I-mediated protection observed in these 

cells, however it is important to remember that DOX-inducible Mx1 did not 

mediate protection from RSV infection in LA-4 cells (Figure 5.7). In future studies, 

it would be interesting to assess if long-term RIG-I-mediated protection against 

RSV could be achieved in B6.A2G-Mx1 fibroblasts or mice as was shown for IAV 

infection. 

Expression of a functional Mx1 was critical for potent and long-lasting RIG-I 

agonist-mediated protection against IAV in the mouse model of infection. While 

i.v. RIG-I agonist pre-treatment of ferrets also reduced IAV replication in the lung, 

ferret Mx proteins have not been characterised to date, nor is it known if they 

mediate antiviral activity against IAV or other viruses. Phylogenetic analysis 

identified 3 potential ferret Mx proteins (Mx1.1, 1.2 and 2) which contained 

conserved Mx protein domains and showed similarity to other mammalian Mx 

proteins (Figure 5.1 and Figure 5.2). Moreover, we developed qRT-PCR to 

demonstrate that transcripts from each ferret Mx were induced following 

pre-treatment of FRL cells with ferret type I IFN or RIG-I agonist. Although we did 

not explicitly test induction in response to ferret IFN-λ, this is likely to occur given 

that both type I and type III IFNs are reported to induce Mx proteins from other 

species (Figure 5.5).  

Initial studies using 3’-RNA sequencing in FRL cells indicated that ferret Mx1 and 

Mx2, amongst other ISGs, were potently induced following RIG-I agonist or IFN-α 

treatment. Further analysis of Mx expression following 3pRNA treatment 

indicated that the splice variant Mx1.2 was preferably expressed over Mx1.1 at 

least at the mRNA level as determined by variant-specific qRT-PCR assays, as 

well as by Sanger sequencing of amplified cDNA generated from cellular mRNA. 

Interestingly, HSV-1 infection appears to modulate alternative splicing of human 

MxA, promoting expression of a variant which lacks anti-HSV-1 activities, 

whereas the alternate variant induced by type I IFNs does mediate antiviral 

activity (Ku et al., 2011). Thus, there is a precedent for alternative splice variants 

of Mx in different species and it is interesting to note that such variants can differ 

in their antiviral activity. Toothed whales such as dolphins and orcas are reported 
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to express defunct copies of both Mx1 and Mx2 genes leading the authors to 

speculate that a viral outbreak ∼33–37 million years ago might have exploited Mx 

function such that expression of functional Mx genes was sacrificed to ensure 

survival of the population (Braun et al., 2015). Thus, as for Mx1/Mx2 in most 

inbred strains of mice, expression of inactive forms of Mx which lack antiviral 

activity can also occur. In future studies, it will be important to determine if ferret 

Mx1 splice variants are expressed after infection with different viruses and if they 

exhibit distinct antiviral activities. Our preliminary studies suggest that ferret 

Mx1.2, but not Mx1.1, might mediate anti-IAV activity although this remains to be 

confirmed in future studies. Characterisation of different ferret Mx in lung tissues 

from multiple outbred ferrets in the presence or absence of infection will also 

address if prevalent expression of Mx1.2 is a specific feature of the FRL cell line 

or a broader characteristic among ferrets. 

While it is well established that mouse Mx1 and human MxA are expressed in the 

nucleus and the cytoplasm, respectively, our studies confirmed that ferret Mx1.1, 

Mx1.2 and Mx2 proteins all localised to the cytoplasm, consistent with the lack of 

known nuclear localisation sequences detected in any of these proteins (Figure 
5.6). While constitutive overexpression of human MxA and mouse Mx1 in human 

293T cells resulted in potent inhibition of IAV infection and growth, none of the 

ferret Mx mediated antiviral activity against IAV or RSV in this system (Figure 5.9 
and Figure 5.10). However, preliminary studies suggest that constitutive 

overexpression of ferret Mx1.2 and Mx2 in FRL cells did result in antiviral activity 

against IAV although human MxA did not inhibit IAV when expressed in ferret 

cells (Figure 5.11). Based on these findings, we propose that ferret-specific 

accessory proteins expressed in FRL, but not human 293T cells, are required for 

the antiviral function of Mx proteins. Clearly, there is a need to refine and extend 

these studies. CRISPR/Cas9 deletion of endogenous Mx1 or Mx2 from FRL cells 

represents one approach to assessing their antiviral activity, although as we were 

not successful in applying this technique to FRL cells to knockout ferret RIG-I we 

would be cautious in using this approach. Engineering the N-terminus of human 

MxB onto ferret Mx1 and Mx2 proteins to alter their cellular localisation to the 

nuclear envelope might also provide insight regarding their antiviral activities 
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against specific viruses, as has been performed for human MxA and MxB (Goujon 

et al., 2014; Steiner et al., 2020). Additionally, further studies are required to 

confirm if ferret Mx proteins are functional when expressed in cells of human 

origin or if antiviral functions are restricted to expression within ferret cells only.  

 

6.3 Optimising delivery of RIG-I agonists for the treatment of respiratory virus 
infections 

Our studies in mice and ferrets suggest that the effectiveness of 3pRNA-induced 

protection following i.v. administration may differ depending on the tissues 

examined. In general terms, systemic administration of 3pRNA reduced growth 

of IAV and RSV significantly in the lung but had little impact on virus titres in the 

upper airways. The only exception to this was the potent inhibition of IAV 

replication in both lung and nasal issues of B6.A2G-Mx1 mice following pre-

treatment with 3pRNA (Figure 3.6 and Figure 3.7). Expression of the well 

characterised Mx1 protein in mice was critical for this potent inhibition of IAV, 

which also occurred in the upper airways. In ferrets, it is currently unclear if any 

of the ferret Mx proteins mediate potent antiviral activity against IAV or RSV, 

although our preliminary in vitro studies suggest this might be possible. However, 

even if ferrets do express a Mx protein with antiviral activity against IAV and/or 

RSV, our studies indicate that i.v. 3pRNA treatment induced ISG expression in 

the lungs, but not in the nasal tissues of ferrets (Figure 3.11). 

The upper respiratory tract consists of the nasal cavity, pharynx and larynx and 

connects to the lower respiratory tract, containing the conducting airways 

(trachea and bronchi), small airways (bronchioles) and the respiratory zone (the 

alveoli) (Invernizzi et al., 2020). In the upper respiratory tract, the epithelium 

contains pseudostratified epithelial cells, goblet cells and glands (Ramvikas et 

al., 2017) which cover bones and cartilage that form the structural basis of the 

nasal cavity. The conductive airways are lined by a pseudostratified epithelial cell 

layer, comprising multi-ciliated cells, mucus-secreting goblet cells and basal cells 

to promote clearance of inhaled pathogens by mucociliary transport (Invernizzi et 
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al., 2020). In contrast, over a dozen different cell types form the parenchyma of 

the lung, including type I and type II airway epithelial cells, fibroblasts, endothelial 

cells, dendritic cells and alveolar macrophages, amongst others (Rozycki, 2014). 

Thus, the lower respiratory tract displays a broader variety of cells than the upper 

respiratory tract. In addition to differences in overall structure and cellular 

composition, the lung is highly vascularised relative to the nasal cavity. This is 

likely to be a major factor relating to the effectiveness of i.v. RIG-I agonist 

treatment providing superior protection to the lung relative to the upper airways. 

While respiratory virus infection results in local inflammation as a result of 

chemokines and cytokines released from virus-infected cells (Vidaña et al., 

2016), systemic RIG-I agonist pre-treatment delivers protection to the airways via 

distinct mechanisms. Following injection, we have shown that RIG-I agonist 

activates ISG induction in circulating leukocytes which could result in recruitment 

of these activated immune cells to the lung. Moreover, injection might result in 

direct delivery of soluble RIG-I to parenchymal cells in the lung, acting to induce 

ISG induction in the cells which represent the primary targets of virus infection 

and amplification. 

In our studies, we used i.v. injection in an attempt to deliver RIG-I agonists to the 

respiratory tract, as this represents the primary site of IAV and RSV replication. 

Other studies have used RIG-I agonists formulated in nanoparticles for cancer 

immunotherapy, including for the treatment of pancreatic cancers (Ellermeier et 

al., 2013; Das et al., 2019). In a mouse model of pancreatic ductal 

adenocarcinoma, i.v. injection of RIG-I agonist encapsulated in 

anisamide-conjugated nanoparticles to target their delivery to cancer cells 

resulted in only 2-3 % of injected nanoparticles reaching the tumour tissue with 

the majority detected in the liver and lung (Das et al., 2019; Zillinger et al., 2019). 

Thus, it is likely that a substantial proportion of polyethylenimine (PEI)-formulated 

RIG-I agonist also reaches the lung of ferrets and mice following i.v. injection in 

our studies, which could offer a partial explanation for the enhanced protection 

observed in lung tissue compared to nasal tissues. Das et al. used Cy5-oligo 

fluorescent-labelled nanoparticles to determine cellular distribution and similar 

approaches could be used in our models to determine if RIG-I agonists are 
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delivered to lung endothelial and/or epithelial cells following i.v. injection (Das et 

al., 2019). Ultimately, our RIG-I agonists could be reformulated in nanoparticles 

and compared to PEI transfection reagent for their ability to protect against IAV 

and RSV challenge in ferrets and mice. Of interest, Das et al. used anisamide-

conjugated nanoparticles to promote specific delivery to sigma-receptor-

expressing tumour cells (Das et al., 2019) which highlights opportunities for 

promoting delivery of RIG-I agonists to airway epithelial cells in the upper and 

lower airways, such as the development of nanoparticles targeted to EpCam or 

other relevant cell-surface markers (Wang, L. et al., 2020).  

A major limitation to the use of systemic 3pRNA treatment is its inability to provide 

protection in the upper airways and therefore its ability to impact virus shedding 

and transmission. As discussed, systemic delivery to limit virus growth in the 

lungs could be useful as a prophylactic in susceptible target groups and/or as a 

therapeutic in infected patients with severe lung disease and pneumonia, 

however systemic delivery is not ideal due to its invasive nature. Moreover, its 

inability to limit shedding and transmission limits its usefulness as a truly effective 

antiviral. In ferrets, systemic delivery of RIG-I agonists was clearly more effective 

than intranasal administration which, despite local delivery to the airways, also 

failed to effectively reduce virus shedding from the upper airways (Figure 3.8 and 
Figure 3.12). These findings imply that intranasal delivery of 3pRNA in liquid form 

failed to induce sufficient ISG induction in epithelial cells of the upper airways to 

significantly impact virus growth. As RIG-I is expressed in almost all nucleated 

cells (Loo et al., 2011), it is unlikely that deficiency in RIG-I signaling by cells of 

the upper airways is responsible for this although it would be of interest to test 

ISG induction in response to 3pRNA using nasal explants or nasal epithelial cells. 

More likely is that mucus and other secretions coating nasal and upper airway 

tissues might limit efficient drug delivery either by forming a physical barrier to 

prevent effective penetration to the underlying epithelium or due to degradation 

of RIG-I agonist due to its chemical composition. In our studies, RIG-I agonists 

are formulated in a PEI ‘in vivo’ transfection reagent and this, or the agonist itself, 

might be degraded in the upper airways although activity is obviously retained in 

other biological fluids such has the blood following i.v. injection.  



218 
 

 
 

Others have demonstrated effective intranasal delivery of certain siRNAs 

(Aguilera-Aguirre et al., 2014) and DNAs (Torrieri-Dramard et al., 2011) using the 

same PEI transfection reagent, although this may not necessarily be true for the 

3pRNA used in our studies.  

Our studies in mice and ferrets confirm that a single i.v. 3pRNA treatment induces 

potent protection against subsequent IAV challenge, particularly in terms of 

reducing virus replication in the lungs. Moreover, we demonstrate that a single 

i.v. treatment of 3pRNA to ferrets 3 days after experimental infection also reduced 

lung virus titres highlighting its potential utility in ameliorating disease associated 

with established virus infection in the lungs. These ferret studies highlight the 

potential for future studies examining different treatment regimens that include 

combinations of prophylactic and therapeutic treatments, as well as multiple 

treatments at different times relative to infection to determine the regimen for 

optimal effectiveness. RIG-I agonist-induced protection of the lower respiratory 

tract might be particularly useful in protecting patients at high risk of developing 

secondary bacterial infections (SBIs). For example, bacterial co-infections were 

confirmed in 75 % of IAV-infected patients with acquired pneumonia and this was 

associated with higher mortality and morbidity (Morris et al., 2017). In the context 

of RSV, SBIs caused by S. pneumoniae and H. influenzae have also been 

particularly linked to otitis media (Sande et al., 2019). Reducing virus replication 

and associated tissue damage in the lungs by 3pRNA treatment might represent 

an effective strategy to reduce predisposition to the subsequent establishment of 

SBIs. 

 

6.4 Caveats of using RIG-I agonists 

A major caveat when considering translating RIG-I agonists from pre-clinical to 

clinical studies, particularly in the context of respiratory virus infections, is the risk 

of excessive or uncontrolled immune activation. Exaggerated immune responses, 

broadly referred to as a “cytokine storm”, can be triggered by drug treatment, 

different pathogens, cancers or autoimmune conditions (Fajgenbaum et al., 
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2020) and is implicated as a major factor contributing to the high fatality of the 

1918 influenza pandemic (Kash et al., 2006). Of note, Coch et al. administered 

four doses of 3pRNA to mice on alternating days prior to lethal IAV infection and 

observed substantial protection from disease, indicating that repeated treatment 

did not result in desensitisation nor did it result in a cytokine storm or induction of 

other detrimental health effects in this model (Coch et al., 2017).  

In humans, sustained or inappropriate RLR-mediated signaling can result in the 

onset of autoimmune diseases (Kato et al., 2014). Atypical activation of MDA5 

signaling has been associated with increased susceptibility to the development 

of systemic lupus erythematosus (Robinson et al., 2011). Aicardi-Goutières 

syndrome represents another inflammatory disease associated with single 

nucleotide polymorphisms in genes of the RLR signaling pathways (Crow et al., 

2009; Rice et al., 2014). Mutations in DDX58, the coding gene for RIG-I, are 

associated with atypical Singleton-Merten syndrome, a multi-system type I 

interferonopathy disorder characterised by dental dysplasia, aortic calcification, 

skeletal abnormalities, glaucoma or psoriasis (Jang et al., 2015). It is important 

to note that SB9200 (Inarigivir soproxil), a RIG-I and NOD2 agonist, is now being 

utilised in clinical studies for the treatment of HCV infection (Jones et al., 2017) 

and that the RIG-I agonist MK-4621 is used as treatment for solid tumors 

(NCT03065023), although it should be noted that oral or 

transdermal/transmucosal administration, respectively, have been used in these 

trials. Thus, it remains to be seen if systemic RIG-I agonist treatment would be 

tolerated in humans. 

 

6.5 Outlook 

Since the discovery of the RLR family and the description of their critical role in 

host defence against viral infections, much effort has been undertaken to 

understand RLR signaling and how these pathways might be exploited for 

possible clinical applications. Given their broad antiviral activity, an emerging 

area of investigation focuses on how RIG-I agonists might be developed most 
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effectively as a novel class of pan-antivirals. Studies described in this thesis 

broaden knowledge regarding RIG-I agonist-mediated protection in different 

models of IAV and RSV infection and has especially proven its practical use as 

prophylactic treatment against these viruses in ferret models of infection. 

Together, these studies provide a further important step towards the development 

of RIG-I agonists for clinical use. Moreover, we highlight the need for future 

studies focusing on defining the optimal treatment regimens for prophylactic 

and/or therapeutic use, the need to further investigate RIG-I agonist stability in 

vivo and determining if alternative (and preferably non-invasive) delivery 

approaches might retain protection of the lung but also effectively reduce virus 

shedding from the upper airways.  
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