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ABSTRACT 

 

Rotavirus (RV) is a leading cause of diarrhoea in young children. In 2016, rotavirus-related death 

was estimated around 128,500, with 258,173,300 episodes of diarrhoea in children below 5 years. 

Although extra-intestinal rotavirus infection is limited, the spread of the virus can cause seizures and 

pancreatitis. Rotavirus non-structural protein 1 (NSP1) is responsible for viral evasion of the innate 

immune system, the first line of defence against invading pathogens. The activated immune system 

produces interferon (IFNs), a cytokine that drives expression of antiviral effectors, known as IFN-

stimulated genes (ISGs). The studies reported in this thesis investigate the differences in rotaviral 

infection of two human cell lines; the intestinal (Caco-2) and the alveolar basal (A549) epithelial 

cells. Our findings confirmed the potential ability of the virus to establish extra-intestinal infection in 

A549 cells. Furthermore, our results showed up-regulated IFNs and ISGs transcription in RV-infected 

A549 cells, which was absent in infected Caco-2 cells. While NSP1 was known to mediate 

degradation of IRF3 to antagonise the host immune response, the differences observed between Caco-

2 and A549 cells were not due to IRF3 degradation. This study highlights the distinct transcriptional 

profile following virus replication; Caco-2 cells infected with replication-deficient RV induced 

transcription of IFNs and ISGs to a similar extent as infected A549 cells. However, this response was 

abrogated only in Caco-2 cells in the presence of replication-competent RV, suggesting differences 

in virus-host interactions that allowed A549 cells to produce IFNs.  
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1.1 THE INNATE IMMUNE RESPONSE TO VIRUS INFECTION 

Animals are constantly exposed to microorganisms in the environment, including pathogens. Invasion 

of pathogens can occur through many different routes, but irrespective of the route, the establishment 

of infection activates an inflammatory response in the host. Inflammation is an adaptive physiological 

response that is triggered by tissue injury and infection, to maintain an organism’s homeostasis and 

to combat infection [1]. The inducers of inflammation can be of the endogenous and exogenous 

source. Damaged cells can release endogenous danger-associated molecular patterns (DAMPs), 

whereas exogenous microbial causes of inflammation are referred to as pathogen-associated 

molecular patterns (PAMPs) [2]. PAMPs are conserved chemical components of pathogens, such as 

lipopolysaccharides (LPS) present in bacterial cell walls, that can be detected by the receptors of the 

innate immune system, known as pathogen recognition receptors (PRRs). Sentinel microbial-sensing 

macrophages resident in peripheral tissues are often the first to come into contact with a foreign 

substance and are involved in the initial recognition of infection [1]. These cells possess a wide 

repertoire of PRRs to induce inflammation, initiating an innate immune response. 

 

1.2 PATTERN RECOGNITION MECHANISMS  

PRRs allow the immune systems to distinguish self from non-self in order to prevent auto-immunity. 

Detection of PAMPs relies heavily on four families of germ-line encoded PRRs; toll-like receptors 

(TLRs) and C-type lectin receptors (CLRs) are two transmembrane protein families, whereas Retinoic 

acid-inducible gene (RIG)-I-like receptors (RLRs) and nucleotide oligomerisation domain (NOD)-

like receptors (NLRs) are PRRs located in cell cytosol [3]. While NLRs and CLRs are more sensitive 

to the presence of bacterial and fungal PAMPs, detection of viral PAMPs mainly occur through TLRs 

and RLRs [3].  
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TLRs were first discovered in Drosophila, and have been conserved throughout evolution. Humans 

are known to have ten TLR-encoding genes [4-6], with TLR3, TLR7, TLR8, and TLR9 located in 

endosomes (Figure 1.1). Other TLRs, including TLR5, TLR10, TLR4 and TLR2 heterodimerised 

with either TLR1 or TLR6 are located on the cell surface (Figure 1.1) [6]. Different TLRs are 

responsible for recognising different PAMPs. For example, TLR3 recognises double-stranded RNA 

(dsRNA) [7], whereas TLR7 and TLR8 both detect the presence of single-stranded RNA (ssRNA). 

The dimerisation of TLR2 with either TLR1 or TLR6 allows the complex to recognise bacterial 

lipopolypeptides [3, 8]. Binding of a ligand to one of the receptors results in the interaction of a 

toll/interleukin-1 receptor (TIR) domain with a signalling adaptor molecule [9]. This signals myeloid 

differentiation primary response 88 (MyD88) to form a signalling complex with interleukin-1-

associated receptor kinases (IRAKs) and TNF receptor-associated factors (TRAF) 6 [5, 7, 10-12]. 

This causes ubiquitination of NFκB essential modulator (NEMO), subsequently leading to the 

interaction with IKKα and IKKβ to phosphorylate IκB, thus activating NFκB. Nuclear translocation 

of NFκB allows transcription of proinflammatory cytokines [13]. Ligand binding to TLR4 and TLR3 

can also activate the TRIF-dependent pathway. This pathway recruits TBK1, TRAF3 and IKKε to 

phosphorylate IRF3 and IRF7. Phosphorylated IRF3 and IRF7 form homodimers prior to nuclear 

translocation, where they interact with interferon (IFN)-stimulated response element (ISRE) to 

activate transcription of IFNs [6, 14-16] (Figure 1.1). 

 

Presence of cytoplasmic viral RNA can also be sensed by RLRs, such as melanoma differentiation-

associated gene 5 (MDA5) and RIG-I. Whilst RIG-I detects 5’triphosphorylated ssRNA [12, 17, 18], 

and short dsRNA, MDA5 is known to detect longer dsRNA [19, 20]. Presence of 5’triphosphate in a 

PAMP RNA is required to activate RIG-I signalling, whereas alteration or complete removal of the 

triphosphate group may abrogate or attenuate signaling [21, 22]. Binding of a PAMP RNA by RLRs 

leads to conformational changes of the PRR, allowing the PRR to interact with an adaptor protein, 

IPS-1 also known as MAVS. The signalling cascade activated is similar to that of TLR4 and TLR3; 
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recruitment and interaction of TBK1, TRAF3 and IKKε lead to the phosphorylation of IRF3 and 

IRF7, ultimately allowing nuclear translocation of homodimers formed. This allows the homodimers 

to induce transcription of IFN-I and IFN-III (Figure 1.1).  

 

Cytosolic DNA sensors have also been recently identified, with DNA-dependent activator of IRFs 

(DAI) the first to be discovered [23, 24]. Binding of DAI to DNA results in the activation of IFN-I 

through both IRF3 and NFκB. The importance of DAI was highlighted when the absence of the 

receptor in mice resulted in reduced up-regulation of IFN-β production in mice [25, 26]. This was 

followed by the discovery of STING, an adaptor protein essential for IFN-β induction by DNA. The 

significance of STING in the innate immune response arose after STING knock-out mice lacked the 

ability to produce immune response against DNA viruses [27, 28].  
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Figure 1. 1: A summary of pattern recognition receptors and signaling cascades involved.  

TLRs are located on the cell surface and in the endosome, whereas RLRs are located in the cell cytosol. Most 

TLRs induce signalling through MyD88 to recruit TRAF6 and IRAKs, consequently leading to the activation, 

thus nuclear translocation of NFκB to induce transcription of inflammatory cytokines. Alternatively, TLR4 

and TLR3 can interact with TRIF to recruit TBK1, TRAF3 and IKKε that results in the phosphorylation and 

homodimerisation of IRF3 and IRF7. Homodimers can then be translocated into the nucleus to activate 

transcription of IFNs. This pathway is also followed by activated RLRs that have interacted with IPS-1 also 

known as MAVS. Image reproduced from Zimmer et al., (2015) [29]. 
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1.3 DISCOVERY OF INTERFERONS 

IFNs were first discovered as molecules that interfere with influenza virus replication in chicken 

embryo [30]. Research carried out since 1957 has established that interferons are cytokines produced 

in tissues and cells. The extensive conservation of the genes encoding for IFN highlights their 

significance for survival, specifically in combating infections. IFNs can be classified into three 

distinct groups; IFN-I, IFN-II and IFN-III, depending on their amino acid sequences, mode of 

induction and the receptors through which they signal. 

 

IFN-II, also known as immune IFN, consists of only IFN-γ. It binds to heterodimeric IFN-γ receptor 

1 (IFNGR1) and IFNGR2. IFN-γ is mainly secreted by immune cells that have an important role in 

adaptive immunity, and is important in mediating protection against intracellular organisms [31]. Of 

predominant interest in this thesis is IFN-I and IFN-III, also known as antiviral cytokines. IFN-I is a 

well-studied and widely known inducer of a robust immune response against viral infections. IFN-I 

is comprised of 16 different members, making it the largest IFN group. IFN-α, comprising of 13 

different subtypes, and IFN-β are the major players in responding to infections [32]. These IFNs bind 

to heterodimeric receptor complexes consisting of IFN-α receptor (IFNAR) 1 and IFNAR2. The 

autocrine and paracrine signalling through IFN receptors allows it to alert uninfected bystander cells 

to adopt an antiviral state in order to inhibit the spread of virus infection [33]. The most recent family 

to be discovered is IFN-III, or IFN-λ, composed of four molecules (IFN-λ1, IFN-λ2, IFN-λ3 and λ4). 

Although both cytokines are produced in response to viral infection, the heterodimeric receptors of 

IFN-III that is composed of IL10Rβ and IL28Rα that is preferentially expressed on epithelial cells 

and certain immune cells, while IFNARs are expressed ubiquitously [34]. 

 

Following IFN production and release, circulating IFNs bind to their respective receptors on the cell 

surface to activate a signaling cascade. Activation of receptors through IFN-binding leads to the 

transphosphorylation of two kinases located on the cytoplasmic side of the receptor chain, known as 
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Jak1 and Tyk2 (Figure 1.2). This results in further phosphorylation of conserved tyrosine residues 

located on the IFN receptors, recruiting proteins known as STAT [35]. Different STAT dimers are 

required to activate different pathways, but the conjoint involvement of both STAT1 and STAT2 is 

required for the antiviral response (Figure 1.2). STAT proteins recruit and interact with IFN 

regulatory factor (IRF) 9, forming the IFN-stimulated gene factor (ISGF) 3 complex. Translocation 

of the ISGF3 complex into the nucleus allows it to interact with IFN-sensitive response element 

(ISRE) promoter, due to a conserved sequence TTTCNNTTTC. The outcome of the interaction is the 

transcription of a family of genes known as IFN-stimulated genes (ISGs) [36]. Alternatively, 

homodimers can bind to gamma-activated sequence (GAS) to regulate inflammatory response to 

dsDNA [37]. The former pathway involving ISGF3 is the most common pathway invoked in virus 

infection, also known as the STAT1-dependent pathway. Whilst IRF9 alone can bind to DNA, it is 

unable to initiate transcription without STAT proteins [32, 37]. As opposed to STAT1, IRF9 can also 

form a complex with STAT2 to induce ISG expression in a STAT1-independent manner [38]. 

Although IRF9 is the main player in IFN-I and IFN-III signaling, it has also been implicated in IFN-

II signalling to produce a synergistic effect, thus inducing stronger ISG transcription [39]. 

 

While IFN-I is able to elicit a rapid potent ISGs response to infection, the response elicited by IFN-

III is more delayed and of lower potency (LAZEAR ET AL., 2019). The differences in the speed and 

the potency of the responses can be due to the different affinities for IRFs and NFκB; IFN-I relies 

predominantly on IRFs while IFN-III relies on both IRFs and NFκB, with NFκB acting as a critical 

regulator of IFN-III [40-42]. 
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Figure 1. 2: IFN signaling in cells.  

IFN-I can act in a paracrine or autocrine manner. Binding of the molecule to its heterodimerised receptor leads 

to the dimerization and phosphorylation of Tyk2 and Jak1, followed by the phosphorylation of STAT proteins. 

Phosphorylated STATs can then form heterodimers and interact with IRF9 to form ISGF3. ISGF3 can 

translocate into the nucleus to initiate an antiviral response. Homodimers formed by phosphorylated STAT1 

can also translocate into the nucleus to promote transcription of inflammatory genes. Image reproduced from 

[43].  
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1.4 INTERFERON-STIMULATED GENES 

IFN signaling leads to the activation or up-regulation of a group of genes, known as IFN-stimulated 

genes (ISGs) that encode for more than 300 different proteins [44, 45]. The range of structural and 

functional diversity among ISGs is large and members of this family are known to play roles in 

various cellular processes including cell-to-cell communication and protection against invading 

pathogens. The importance of the ISG family in innate defences was highlighted in an experiment 

when mice lacking specific proteins important to mount an antiviral response resulted in lower 

survival rate than wildtype mice [46-48]. Some ISGs, including PRRs and IRFs, have baseline 

expressions but are up-regulated in the presence of IFN [37]. Although some ISGs are potent in 

inhibiting virus replication, most ISGs are weak effectors by themselves, with a low level of antiviral 

activity [48-50]. However, each member can act synergistically and contributes to establishing a 

potent antiviral state [51]. The redundancy in protein function is highly important to limit virus 

evasion mechanism. Examples of ISGs are chemokines and their receptors, proapoptotic proteins as 

well as regulators of IFN signaling. Of importance are the antiviral effectors of ISGs, which will be 

discussed further. 

 

To establish a productive infection, viruses require the ability to complete their life cycle. Generally, 

this includes binding to a host cell, entering the target cell followed by uncoating of viral particles. 

Once the virus releases its genetic material into the host cytoplasm, the virus needs to produce proteins 

in order to assemble new viruses. Successful assembly of the virus progeny allows its release from 

the infected cell to infect neighbouring cells. In order to combat infection and inhibit virus replication, 

different antiviral effectors have the ability to target and interfere with different steps of the infection 

cycle. 
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1.4.1 Inhibition Of Viral Entry 

One of the most extensively studied IFN-induced viral entry inhibitor proteins is the myxovirus 

resistance (Mx) proteins. Humans possess 2 Mx proteins; MxA and MxB. MxA has a molecular mass 

of 70-80kDa and belongs to the superfamily of large GTPases [52-54]. The N-terminus GTPase 

domain possesses “hotspots” that recognize viral targets [55], and is connected to the C-terminus stalk 

by a bundle signaling element domain [54-56]. The C-terminus is responsible for oligomerization of 

MxA and aids in MxA-virus interaction through the presence of a disordered loop 4 (L4) [55, 56]. 

Different regions of L4 are required to interact with different viruses [52]. 

 

Binding of GTP to MxA induces a conformational change, allowing recognition of a viral target [57]. 

The precise antiviral mechanism is poorly understood and may differ between virus families, but most 

studies indicate that MxA inhibits an early step in the viral replication cycle. MxA can sequester the 

incoming viral genome by trapping it in late endosomes [58] or in the cell cytoplasm [57] (Figure 

1.3). Reduced production of viral mRNA is a common feature of MxA activity, indicating a possible 

inhibition of virus polymerase activity [59-61]. 

 

With 63% sequence similarity to MxA, MxB also belongs to the GTPase superfamily. MxB possesses 

low or no antiviral activity against orthomyxoviruses [62], but has only recently been identified to 

possess anti-HIV activity [62-64]. MxB has been implicated in inhibiting nuclear translocation of the 

viral reverse-transcribed genome [63], thus preventing viral integration into host DNA and inhibiting 

viral replication (Figure 1.3). 

 

Another widely known viral entry inhibitor is IFN-inducible transmembrane (IFITM) proteins. 

Antiviral IFITMs consists of IFITM1, IFITM2, and IFITM3 [65], with each member known to exhibit 

inhibitory activity towards different viruses depending on the protein localization [66]. For example, 

IFITM3 associates with endosomes and is known to inhibit influenza A virus. Antiviral activity of 



11 

IFITM1 was first discovered when overexpression of IFITM1 resulted in inhibited VSV replication 

[67]. However, the antiviral activity of IFITM3 was only discovered about a decade ago as a potential 

inhibitor of influenza A virus replication [68, 69]. Recently it has also been shown that IFITM1 is 

active against HCV as well as HIV [70, 71]. Research carried out on this protein family has revealed 

that IFITM members act generally to prevent the incoming viruses from accessing the host cytoplasm 

[65, 72] (Figure 1.3). Overexpression of IFITM3 was found to cause accumulation of cholesterol in 

late endosomes [73]. This finding as well as the ability of IFITM proteins to alter physical properties 

of cellular membranes by affecting its curvature and fluidity, highlights a possible mechanism by 

which IFITM proteins inhibit virus entry  [74, 75]. 

 

1.4.2 Inhibition Of Protein Synthesis 

Viruses rely heavily on host machinery for the production of viral proteins in order to establish a 

productive infection. A group of ISGs known to encode inhibitors of viral protein synthesis the IFIT 

family, which is composed of four members; IFIT1, IFIT2, IFIT3, and IFIT5 [76]. Generally, these 

proteins are localised in the cell cytoplasm. IFIT1 and IFIT3 interacts with mitochondria while IFIT2 

interacts with both mitochondria and microtubules [77, 78]. IFIT proteins possess a tetratricopeptide 

repeat that is important in mediating protein-protein interactions [79]. These proteins are known to 

inhibit virus replication by abrogating translation of viral proteins [72]  (Figure 1.3). IFIT1 and IFIT2 

have been widely known to indirectly inhibit viral translation by interacting with eIF3, a host complex 

required for initiation of translation [80-82]. Another distinct mechanism of inhibition is the binding 

of IFIT1 to viral 5’triphosphate RNA groups. This subsequently results in the sequestration of viral 

RNA by a complex composed of all IFIT family members [83].  

 

ISG15 was first discovered in Sindbis virus and influenza B infection [84, 85]. The protection 

conferred by ISG15 relies heavily on its ISGylation capability [86]. Whilst ISG15 was first found to 

inhibit viral release [87-91], it was later discovered to directly conjugate to viral proteins to inhibit 
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replication [92-94]. ISGylation of a viral protein, such as IFN-antagonist protein encoded by many 

viruses, renders the protein incapable of interfering with the induction of IFNs. ISGylated viral 

proteins can also be incorporated into newly packaged virions, causing difficulties in virus release as 

well as reducing viral infectivity [95] (Figure 1.3).  

 

The signal transduction induced by IFN is known to induce an antiviral response in order to inhibit 

virus replication, However, IFN signaling can also result in a broad translational suppression. One of 

the IFN-stimulated proteins is known as dsRNA-dependent protein kinase (PKR). PKR possesses a 

dsRNA-binding domain that is able to regulate its activity [96, 97]. Viral infection can lead to 

accumulation of dsRNA that is detected by PKR. In addition, PKR can also be activated through 

interaction with TLRs, such as TLR9 and TLR3 [98-100]. Upon its activation, PKR is able to inhibit 

general translation, including that of viral translation,  via the phosphorylation of eukaryotic initiation 

factor 2 (eIF-2a) [101-103]. PKR is also capable of controlling IFN production and signaling by 

modulating the function of STATs, where cells lacking PKR resulted in decreased phosphorylation 

of STAT1 [104]. In addition, the presence of PKR is required to regulate IFN production via NFkB. 

Absence of PKR in MEFs resulted in impaired NFkB activation, and thus, IFN production [105]. This 

highlights the ability of IFNs to regulate the expression of proteins, such as PKRs, that can further 

enhance the protein regulation in order to induce an antiviral response in host cells. 

 

1.4.3 Inhibition Of Viral Egress 

Several ISGs, including viperin and tetherin, are known to inhibit viral egress [37] (Figure 1.3). Virus 

Inhibitory Protein, Endoplasmic Reticulum-associated, INterferon-inducible, also known as viperin, 

is a 42kDa protein first detected in studies involving inhibition of human cytomegalovirus (HCMV) 

replication. It possesses an N-terminus with variable length and sequence, as well as conserved central 

and C-terminal domains [106, 107]. The N-terminus contains an amphipathic alpha-helix that binds  

viperin to lipid droplets and the cytosolic surface of the cell endoplasmic reticulum (ER) [107-109]. 
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Interaction of viperin with farnesyl pyrophosphate synthase (FPPS), an enzyme essential for 

isoprenoid biosynthesis and assembly of lipid rafts, disrupts lipid microdomains and increases lateral 

mobility of membrane proteins [109]. The localisation of viperin to the ER allows the protein to 

inhibit secretion of soluble proteins while interfering with trafficking of viral components [106, 107, 

110]. Unlike MxA that mostly inhibits virus entry, viperin can block virus replication at both early 

and late stages of the replication cycle; through inhibition of virus morphogenesis [111] or at the point 

of viral egress as progeny virions bud from the cell [112]. 

 

The antiviral activity of tetherin was highlighted when the egress of HIV-1 from infected host cells 

was inhibited [113]. Tetherin is localized on the plasma membrane and endocytic compartments with 

the ability to mediate membrane curvature [114, 115]. Tetherin effectively inhibits a number of 

different viral families, including paramyxoviruses and filoviruses [116] by anchoring the virus 

progeny to host membrane [113]. This protein also results in the accumulation of endocytosed virus 

in endosomal compartments [117]. IFN-I-independent induction of the protein highlights its role as 

an intrinsic host defence effector [118, 119]. 
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Figure 1. 3: ISGs-mediated inhibition of virus replication.  

A typical virus life cycle involves attaching to target cell, entering the cell and releasing viral genome either 

in cell cytoplasm or in the nucleus in the case of DNA virus. Transcription from the viral genome allows 

replication and translation to occur. Assembly of viral proteins and viral genome leads to the packaging of the 

progeny virus that is then released from an infected cell. ISGs can interfere with any replication step from 

attachment through to release. More than one ISG can inhibit the same step to ensure efficient inhibition. 

Figure reproduced and modified from [120]. 
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1.5 ROTAVIRUS 

Rotavirus (RV) is the leading cause of viral gastroenteritis in children below 5 years old. In the pre-

vaccine era, RV infection caused 2-4 million hospitalisations each year globally, with 600,000 deaths 

[121, 122]. The level of RV-related deaths and hospitalisation significantly decreased following 

introduction of a prophylactic vaccine in 2006, however, it remains a problem in developing countries 

where vaccine uptake is limited [123]. In New Zealand, gastroenteritis admissions dropped from 

83.8% to 16.2% following vaccine introduction in 2014, with confirmed RV admission declining by 

94.6% [124].  

 

RV, a member of the Reoviridae family, is a non-enveloped icosahedral virus possessing 11 gene 

segments of dsRNA in a triple-layered capsid (Figure 1.4). Each gene segment encodes for a single 

protein, with the exception of one segment that encodes for two proteins in a +1 frame. This allows 

the virus to encode for six structural proteins (VP1-VP4, VP6, and VP7) and six non-structural 

proteins (NSP1-NSP6) [125]. The innermost layer of the triple layered-capsid formed by VP2 

surrounds the viral genome, an RNA-dependent RNA polymerase (VP1) and a capping enzyme (VP3) 

[126]. The major structural protein VP6 that bears group-specific antigenic determinants, forms the 

intermediate capsid layer [121, 126]. Lastly, the outermost layer is formed by two surface proteins; 

VP4 and VP7. VP7 forms a continuous perforated shell whereas VP4 forms spike-like structures on 

VP7 [126] (Figure 1.4). 

 

RV can be classified into seven different groups (group A through to group G), distinguishable by 

VP6 antigenicity [121, 127]. Of all groups, group A remains as the major cause of RV gastroenteritis 

in children worldwide. RV strains in group A can be further classified into different serotypes, based 

on viral VP4 and VP7 [121]. Glycosylated VP7 contributes the G-serotype distinctions, whereas VP4, 

a protease-cleaved protein, determines P-serotypes [121]. The classifications of the different 
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serotypes are dependent on its antigenicity that can differ between strains [126]. The various 

classification of RV highlights the genetic diversity that exists among infectious RV. 

 

 

Figure 1. 4: Schematic representation of the rotavirus virion.  

A mature RV virion is composed of three different layers surrounding 11 gene segments, RNA-dependent 

RNA polymerase (VP1) and viral capping enzyme (VP3). The innermost layer, composed of VP2 (white), is 

surrounded by the middle layer that is composed of VP6 (teal). The outermost layer is composed of two viral 

proteins; VP4 that forms a spike-like structure on a continuous shell composed of VP7. Image reproduced 

from Esona and Gautam (2015) [128]. 

 

1.5.1 Viral Replication And Pathogenesis 

The non-enveloped structure of RV renders it highly resistant to environmental conditions, with the 

ability to survive on human hands up to four hours and on dry surfaces for more than ten days [121, 

129]. Transmission of the virus occurs through the faecal-oral route [121, 130], by direct contact with 

an infectious virus or through contaminated food and water [121]. Its durability and transmission, 
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combined with its low infectivity dose of ten virus particles, makes the establishment of RV infection 

relatively easy. 

 

Establishment of RV replication occurs in both adults and children, with infections more prevalent in 

children below the age of 5 years. The severity of infection is highly dependent on the age, as prior 

exposure to the virus results in partial or complete protection, as well as the immunocompetence of 

the infected person. Generally, RV infection varies from asymptomatic or mild infections to severe 

gastroenteritis with severe dehydration [121]. The initial immune response triggered by RV 

replication leads to abrupt fever and vomiting, followed by the onset of watery diarrhoea that lasts 

three to eight days [121, 129]. However, in more severe cases of RV infection in an 

immunocompromised individual, invagination of the intestine into an adjacent segment can occur, 

causing structural damage and decreased blood flow to the segments involved [131, 132]. 

 

RV mainly targets the mature enterocytes of the small intestine [133]. The presence of trypsin in the 

small intestine leads to the cleavage of VP4 to produce polypeptides essential for virus entry, 

releasing a transcriptionally active double-layered particle (DLP) consisting of intermediate and 

innermost layers of viral capsid into host cell [127, 133, 134]. Structural changes induced by loss of 

VP7 activates VP1 to transcribe positive-strand transcripts from negative-strand RNA. Addition of a 

5’methyl guanosine-cap onto viral RNA by VP3 allows the positive-strand RNA to act as mRNA 

[127]. The capped mRNA then leaves the DLP for translation in the cytosol [135].  Progressive 

infection results in damage to the intestinal epithelium, leading to malabsorption and reduced nutrient 

uptake. In addition, NSP4 encoded by the virus is believed to act as a secretory enterotoxin that can 

elicit chloride ion secretion and loss of water from uninfected enterocytes, amplifying dehydration in 

infected children [126]. NSP4 may also act on enteroendocrine cells to promote secretion of serotonin 

and subsequent activation of vagal afferent nerves that contribute to the vomiting response [136]. 
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Virus assembly occurs mainly in cytoplasmic inclusions or viroplasms. The third capsid layer wraps 

itself around DLPs during budding through the endoplasmic reticulum or an ER-derived membrane 

vesicle. The complete triple-layered virus progeny then release itself from the infected cell through 

exocytosis or lysis to infect neighbouring cells [129]. 

 

Although RV preferentially infects enterocytes, there have been reports of extra-intestinal RV 

infection, particularly of RV detection in other organs, such as the kidney, spleen, central nervous 

system as well as the heart of infected children [137-139]. The spread of RV to other organs is also 

supported by another finding that detected RV antigen and RNA in infected sera [140, 141]. This is 

further supported by the detection of infectious virus particles in the serum of infected rat [142]. This 

led to the dissemination of the virus to other organs, indicated by virus detection in the liver, lungs, 

spleen as well as kidneys of the rat [142]. These findings reveal the ability of RV to disseminate and 

infect other organs of its host. However, this is uncommon due to the restriction imposed by the host 

innate immune response.  

 

1.6 ROTAVIRUS AND THE INNATE IMMUNE RESPONSE 

1.6.1 Host Cellular Factors 

IFN-I has been reported to play a major role in preventing the spread of RV infection. Although 

neutralisation of the IFN-I cytokine in RV-infected intestinal epithelial cells (IECs) resulted in 

reduced cell loss, it also reduced phosphorylation of STAT1 and protein kinase R (PKR) [143]. 

Recognition of RV infection may be cell type-specific, host-specific or both. Detection of RV in 

infected epithelial cells relies heavily on MDA5 and RIG-I due to the nature of the RV genome. 

Previous studies have highlighted the significant role of MDA5 and RIG-I in inducing IFN-β and 

both MDA5 and RIG-I have been made redundant in MEFs for viral recognition [144-146]. Primary 

plasmacytoid dendritic cells, on the other hand, rely heavily on TLR7 and/or TLR9 for virus 

recognition [147]. STAT1 and MAVS have also been implicated in sensing virus infection. Mice with 
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STAT1 or MAVS deletion showed increased virus infection, thus highlighting the significance of 

both STAT1 and MAVS in the innate signaling cascade [145, 148]. This was further emphasised 

when MAVS-/- mice showed supported replication of rhesus RRV and simian SA11 strains of RV to 

a significantly higher extent compared to wild type (WT) mice [145, 149]. Production of IFN-III by 

TLR3 is also important in controlling infection, however, this is potentially only valid in adult mice 

as neonatal mice have reduced gut TLR3 expression [150, 151]. MyD88 is also one of the key players 

in modulating innate immunity. MyD88-/- mice infected with RV showed increased viral shedding, 

which correlates with viral infectivity. This was supported with an increased level of the viral genome, 

reflecting the increase in load, in the host. Experiments conducted in these mice also highlighted the 

importance of MyD88 in localising virus infection in the small intestine; absence of MyD88 correlates 

with unrestricted virus spread, with the presence of the virus in the colon as well as in the blood [152].  

 

Whilst IFN-I is the significant player in controlling virus infection, studies have highlighted the 

significance of IFN-III in intestinal cells to limit RV infection. Infection of IFN-III receptor knockout 

(IFNLR-/-) suckling mice showed higher viral burden compared to WT mice [153, 154]. The 

importance of IFN-III is further emphasised in controlling the spread of infection as knockout mice 

showed a lack of ability in restricting or localising the infection, with more severe pathology, 

including vacuolisation. The level of protection conferred by IFN-III is required in both suckling and 

adult mice to combat RV infection. This is further supported by a recently published paper, where the 

authors found that IFN-III is a potent STAT1 activator in intestinal epithelial cells [155], suggesting 

its major role alongside IFN-I in conferring protection against RV infection. IFN-I has been showed 

to have a major role in restricting RRV spread in mesenteric lymph nodes, whereas both IFN-I and 

IFN-III cooperate to restrict RRV spread in the liver of infected mice [154].  

 

Due to RV immune-evasion mechanisms (discussed in the next section), both humoral and cellular 

immunity of the adaptive immune response is vital against RV infection. Infection of intestinal 
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epithelial cells with RV leads to the priming of DCs in Peyers’ patches and mesenteric lymph nodes 

[156, 157]. DCs are significant for high production of IFN as well as linking innate immunity with 

adaptive immunity. Briefly, humoral immunity is important for the production of antibodies against 

viral epitopes. It was revealed that neutralising serum IgA targeting VP4 and VP7 is important in 

combating RV infection [129, 157, 158]. This was further supported by two different studies, where 

the vertical transfer of maternal IgA protected infants from severe RV infection [123, 159]. Cellular 

immunity, on the other hand, is mediated by cytotoxic T-lymphocytes (CTL). Conserved VP6 epitope 

induces CTL response by activating differentiation of T-cells into effector cells. Effector cells have 

the ability to release cytokines in order to inhibit viral replication or induce apoptosis of infected cells 

via Fas-FasL pathway or by exocytosis, involving perforin and granzymes [126]. Whilst primary 

infection mainly elicits serotype-specific immunity, subsequent RV infections produce the required 

cross-neutralising IgA that confers both homotypic and heterotypic protection [129, 160]. 

 

1.6.2 Immune Evasion Mechanisms 

Similar to other viruses, RV is subjected to possible re-assortments and mutations due to the lack of 

proof-reading ability of the RNA-dependent RNA polymerase. The evolution of IFN-I evasion 

mechanisms highly suggests that RV is traditionally sensitive to IFN antiviral activity. The two viral 

proteins that play a significant role in abrogating IFN response are VP3 and NSP1. NSP1, a 57kDa 

protein, is a product of viral gene segment 5 [160]. Amongst other RV proteins, amino acid sequence 

comparison identifies NSP1 as the least conserved virus-encoded polypeptide. The strong host-

specific sequence conservation implies a possible role in viral adaptation to host species [161-163]. 

A study conducted using reassortant viruses containing both bovine and murine NSP1 highlighted 

the specificity of NSP1 in its IFN antagonistic role in dampening host immune response [164, 165].  

 

NSP1 was also found to inhibit IFN-induced STAT translocation to the nucleus, ultimately inhibiting 

the downstream effects of interaction between STATs and ISRE [166]. NSP1-mediated degradation 
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of IRF3 and 7 allows RV to persist in host cells while inhibiting IFN production [164, 167, 168]. 

Furthermore, NSP1 also induces expression of TNF-α-induced protein 3, whose protein prevents the 

activation of NFκB, ultimately obstructing activation of the host immune response [169] (Figure 1.5). 

In order to further abrogate the efficiency of host immune response, RIG-I and MAVS can be targeted 

by NSP1 (Figure 1.5). RIG-I can be inhibited in a proteasome-independent manner, with little effect 

on its RNA level. In contrast, NSP1-mediated MAVS degradation occurs in a proteasome-dependent 

manner [170]. NSP1 is also able to prevent the accumulation of p53 in the cell cytosol, either by post-

transcriptional degradation or delayed up-regulation following RV infection [171] (Figure 1.5). The 

significance of NSP1 in viral infection has also been verified using RV with mutant NSP1; absence 

of NSP1 correlates with low viral titres, highlighting its sensitivity to IFN activity [167]. 

 

VP3, on the other hand, is a 98kDa protein that is included in low copy number in packaged virions. 

The capping activity of VP3 confers protection of viral RNA from recognition by PRRs [21, 172, 

173]. However, due to its incomplete efficiency, a portion of viral RNAs are left uncapped, leaving 

them potentially available as PAMPs for detection. Apart from its capping activity, VP3 is also 

capable of mediating the cleavage of 2’-5’-oligoadenylate synthase (OAS). This results in the 

protection of viral RNAs from OAS-mediated cleavage, thus allowing viral RNAs to be packaged, 

transcribed or translated [174-176]. 

 

RV is also known to induce the formation of viroplasms or cytoplasmic bodies in host cytoplasm 

(Figure 1.5). Viroplasms are formed by the co-expression of NSP5, VP2 and NSP2, and appears as 

early as 2 hours post-inoculation [177]. Apart from sequestering, thus, protecting viral RNA from 

degradation by host machinery, viroplasms also associate with microtubules for perinuclear 

localization [177, 178]. In order to limit the presence of viral RNA that could trigger an immune 

response, viral packaging and assembly occur in the viroplasm; following the synthesis of viral 

dsRNA, the genome is immediately packaged into virion cores [179, 180]. 
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A recently published paper has also reported the ability of RV to downregulate the receptors of all 

three IFNs [155]. The virus-mediated degradation of IFN receptors occurs specifically in infected 

cells, regardless of the virus strains used. This degradation was inhibited in the presence of an 

inhibitor targeting the lysosomal-endosomal degradation pathway, allowing the accumulation of IFN 

receptors. Whilst this antagonistic action is conserved among different RV strains, greater 

downregulation of IFN receptors was observed when a higher multiplicity of infection (MOI) was 

used. 

 

Figure 1. 5: RV inhibition of the host immune response.  

RV inhibition of host antiviral response can occur at any step from PRR signaling through to ISGs production. 

Viral NSP1 is critical for the antagonism of the innate immune response, with the ability to prevent activation 

of NFκB, as well as the association between TBK1, TRAF3 and IKKε. NSP1 can also mediate degradation of 

RIG-I, IRF3 and IRF7. IFN receptors are targeted and degraded by RV in a lysosomal-endosomal manner. 

NSP1 can also inhibit downstream of IFN signalling by inhibiting STAT nuclear translocation. It can also 

inhibit the accumulation of p53, resulting in the loss of apoptosis signalling. Cytoplasmic body or viroplasms 

formed by the interaction between NSP2, VP2 and viral RNA protects the virus from cytoplasmic detection.  
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1.7 PROJECT RATIONALE AND HYPOTHESIS 

The importance of IFN in controlling RV infection was highlighted when IFN-α treatment protected 

newborn calves from severe RV disease [181]. Despite efficient replication in host cells, RV highly 

induces IFN and antiviral genes, with a substantial amount of IFN being expressed to limit RV 

replication [182]. Recently IFN-III has been identified as a unique mediator in protecting suckling 

mice from RV infection [155, 183], with strong up-regulation of IFN-III rather than IFN-I in intestinal 

cells. However, IFN-I is responsible for controlling the extra-intestinal spread of the virus, with viral 

replication further enhanced in the absence of IFN-III. Our laboratory has previously shown the 

importance of viperin in limiting RV replication in MA104 cells through a viperin knock-down 

experiment (unpublished). This project was aimed to further characterise the ISGs involved in 

restricting RV replication. However, due to the difficulty in establishing stably-transfected cells 

coupled with an interesting observation in RV-infected human alveolar epithelial cells, the direction 

of this project evolved to investigate the requirements of the virus to antagonise host immune 

response. The results from this study address gaps in the literature, providing a better in-depth study 

between virus-host interactions in a range of different cells, as well as in the development of potential 

treatments of RV-related gastroenteritis disease.   

 

In order to investigate the ideal environment required for RV to efficiently inhibit host immune 

response, the aims of this project are: 

• To determine the role of viperin in restricting virus replication. 

• To characterise permissiveness of different cell lines to RV replication and its response to 

exogenous IFN treatment. 

• To identify the role of IRF3 in immune activation and restricting RV replication.  

• To investigate potential differences in virus-host interactions. 
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2.1 MATERIALS 

Aqueous solutions used in cell-based experiments were sterilised by either autoclaving at 121oC and 

15 psi pressure for 20 minutes or microfiltered through 0.22μm membranes (Supor®-200, Pall life 

Sciences).  

 

2.1.1 Cell Culture Solutions 

 

Medium Composition 

Dulbecco’s modified Eagles Medium 

(DMEM) 

13.86g/l DMEM powder (Invitrogen), 0.006g/l 

penicillin (Sigma-Aldrich), 0.14g/l 

streptomycin sulphate (Sigma-Aldrich). 

1X PBS 2% w/v KCl, 2% w/v KH2PO4, 80% w/v NaCl, 

11.5% w/v Na2HPO4. 

Foetal bovine serum (FBS) GIBCO® Life Technologies (#10091-148) 

Freezing buffer 10% DMSO, 45% supplemented DMEM, 45% 

FBS. 

Opti-MEM ThermoFisher Scientific (#11058021) 
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2.1.2 Mammalian Cell Lines 

 

Cell line Origin Source 

293T (HEK293 with 

SV40 T antigen) 

Human embryonic kidney 

epithelium 

Takara Bio, Japan 

(#632180) 

A549 Human alveolar basal 

epithelium 

Dr. V. Suresh,  

Auckland Bioengineering 

Institute, the University of 

Auckland, 

New Zealand 

Caco-2 Human colorectal epithelium A/Prof B. Coulson,  

University of Melbourne, 

Australia 

HEK293 Human embryonic kidney 

epithelium 

Dr. J. Taylor,  

School of Biological Sciences,  

the University of Auckland, 

New Zealand 

HeLa Human cervical epithelium Dr. K. Scott,  

School of Biological Sciences,  

the University of Auckland,  

New Zealand. 

MA104 African Green Monkey 

kidney epithelium  

Prof. H. Greenberg,  

School of Medicine,  

Stanford University, USA 
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2.1.3 Rotavirus 

The tissue culture-adapted strains used in this study have been extensively used in previous 

research. This allows for direct comparisons of results as well as strong conclusions to be drawn, 

allowing for more in-depth analysis of the results obtained.  

Strain Natural host Source 

RRV Rhesus macaque Dr. John Taylor, the 

University of Auckland, New 

Zealand 

SA11 Simian Dr. John Taylor, the 

University of Auckland, New 

Zealand 

 

 

2.1.4 Chemicals 

All chemicals were purchased either from Bio-Rad Laboratories, Inc, Hercules, USA; Sigma-Aldrich, 

USA; Roche Applied Science, Germany; Amersham Biosciences, Sweden; BDH Chemicals Ltd, UK; 

Invitrogen, USA; Difco Laboratories, USA; Lab Scientific, USA; Pierce, Perbio Science, Belgium; 

CTL Scientific Supply Corp, USA; Abcam Plc, UK.  

Chemical Source 

Tween-20 CTL Scientific Supply Corp 

Psoralen (Ficusin) Abcam #ab143442 

MG-132 Sigma-Aldrich #M7449 
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2.1.5 Antibiotics 

 

Ampicillin 50mg/ml stock solution was sterilised through 0.2µm filter, 

aliquoted and stored at -20°C. Used at 100µg/ml final 

concentration (LabScientific). 

Geneticin™ Selective 

Antibiotic (G418 Sulfate) 

100mg/ml stock (Gibco™ : #11811023) prepared by dissolving 

in cell culture-grade water and filter-sterilisation (0.2µm filter). 

Aliquots stored at -20°C. 

Doxycycline Stock solution of 50mg/ml (Sigma : D1822). 

Hygromycin B 50mg/ml (ThermoFisher Scientific: 10687010). 

Penicillin 60mg/ml stock (Sigma) prepared by filter sterilisation (0.2µm 

filter), and stored at-20°C. 

Penicillin/Streptomycin 0.006g/l penicillin (Sigma-Aldrich), 0.14g/l streptomycin 

sulphate (Sigma-Aldrich). 

Added 1:1000 in DMEM. 

Puromycin 10mg/ml stock (ThermoFisher Scientific: A11138) was aliquoted 

and stored at -20°C 

Streptomycin 140mg/ml stock (Sigma) prepared by filter sterilisation through 

0.2um filter, and stored in aliquots at -20C.  

 

 

2.1.6 Enzymes 

 

Trypsin 0.25% Invitrogen (GIBCO#15050-057) 

Trypsin EDTA Invitrogen (GIBCO#25200-072) 

Roferon-A. Interferon ɑ-2a Roche (Batch: B3036BU9) 

3MIU/0.5ml 
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2.1.7 Primary Antibodies 

 

Antibody Source Description 

Anti-NSP4  Dr. John Taylor Polyclonal mouse antibody raised against 

NSP4 in rabbit. 

Used at 1:500 

Anti-α-tubulin Sigma Aldrich, Germany 

(#T6074) 

Mouse antibody raised 

against Sarkosyl-resistant 

filaments. 

Used at 0.25µg/ml 

Anti-Myc Life Technologies, USA 

(#132500) 

Mouse antibody raised against Myc-tag. 

Used at 1:100 

Anti-SG1 Dr. John Taylor Monoclonal mouse antibody raised 

against subgroup 1 VP6. 

Used at 1:500 

Anti-viperin  Abcam,  

United Kingdom 

(#ab107359) 

Monoclonal mouse antibody raised 

against viperin. 

Used at 1:200 

Recombinant anti-IκB 

alpha 

Abcam,  

United Kingdom 

(#ab32518) 

Rabbit monoclonal 

antibody raised against a synthetic peptide 

 within human IκB alpha. 

Used at 1:3000 

Recombinant anti-

IRF3  

Abcam,  

United Kingdom 

(#ab68481) 

Rabbit monoclonal antibody raised 

 against a synthetic peptide of human 

 IRF3. 

Used at 1:1000 
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2.1.8 Secondary/Labelled Antibodies 

 

Antibody Source Description 

Alexa fluor® 488 

goat anti-rabbit 

Life Technologies, USA 

(#A11034) 

Goat antibody raised against rabbit IgG, 

conjugated with Alexa Fluor® 488. 

Used at 1:2000 

Alexa fluor® 488 

goat anti-mouse IgG 

Life Technologies, USA 

(#A11001) 

Goat antibody raised against mouse IgG, 

conjugated with Alexa Fluor® 488. 

Used at 1:2000 

Alexa fluor® 594 

goat anti-mouse IgG 

Life Technologies, USA 

(#A11005) 

Goat antibody raised against mouse IgG, 

conjugated with Alexa Fluor® 594. 

Used at 1:2000 

Anti-mouse IgG 

(whole molecule)-

peroxidase 

Sigma Aldrich, Germany 

(#A4416) 

Goat antibody raised against mouse IgG, 

conjugated with peroxidase. 

Used at 1:5000 

Anti-rabbit IgG 

(whole molecule) -

peroxidase 

Sigma Aldrich, Germany 

(#A6154) 

Goat antibody raised against rabbit IgG, 

conjugated with peroxidase. 

Used at 1:5000 

 

 

2.1.9 Solutions For Immunolabelling 

 

Solution Composition 

Fixing solution 4% paraformaldehyde 

Permeabilisation solution 0.2% Triton X-100 in PBS 

Blocking solution 1% BSA (Life Technologies, Gibco#30036-578) in PBS 

Antibody blocking solution 1% BSA in PBS with 0.1% Tween-20 

Wash buffer PBS, PBS with 0.1% Tween-20 

Nucleus staining solution Hoechst 33258, pentahydrate (bis-benzimide), 

(ThermoFisher Scientific, #H3569) 
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2.1.10 Solutions For SDS-PAGE 

 

Solution Composition 

Resolving gel solution 10-15% acrylamide/Bis (Bio-Rad), 375mM Tris-HCl pH 

8.8, 0.1% SDS, 0.05% APS, 0.2% TEMED (Sigma-

Aldrich) 

Stacking gel solution 3.6% acrylamide/Bis (Bio-Rad), 125mM Tris-HCl 

pH6.8, 0.1% SDS, 0.05% APS, 0.2% TEMED 

Laemmli loading buffer 62.5mM Tris-HCl pH6.8, 10% glycerol, 2% SDS, 0.01% 

bromophenol blue, 5% β-mercaptoethanol 

Running buffer 25mM Tris, 100mM glycine, 0.1% SDS 

 

 

2.1.11 Solutions For Western Blot 

 

Solution Composition 

Transfer buffer 25mM Tris, 200mM glycine, 20% v/v methanol 

Membrane blocking solution 10% non-fat milk in PBS with 0.1% Tween-20 

Antibody blocking solution 1% BSA in PBS with 0.1% Tween-20 or 

3% non-fat milk in PBS with 0.1% Tween-20 

Wash buffer PBS with 0.1% Tween-20 

Detection ECL™ Detection kit (Amersham Biosciences), 

Clarity™ Western ECL substrate (BioRad) 

 

 

2.1.12 Solutions For Agarose Gel 

 

Solution Composition 

5x TBE buffer 54% w/v Tris, 27.5% w/v Boric acid, 2% v/v 

0.5M EDTA pH 8.0 

6x DNA loading dye 0.25% bromophenol blue, 40% sucrose, 0.2% 1M 

Tris base 
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2.1.13 Materials For PCR 

 

Material: Source: 

Taq DNA polymerase ThermoFisher (#18038018) 

1Kb plus DNA ladder ThermoFisher (#10787018) 

dNTP ThermoFisher (#R0192) 

 

 

2.1.14 Materials For cDNA Synthesis 

 

Material: Source: 

dNTP ThermoFisher Scientific (#R0192) 

Random Hexamer primers Bioline (#38028) 

Superscript™III First-Strand Synthesis 

System 

ThermoFisher Scientific (#18080051) 

M-MLV reverse Transcriptase ThermoFisher Scientific (#28025-021) 

 

 

2.1.15 Materials For Quantitative PCR (qPCR) 

 

Material: Source: 

PowerUp™Sybr™ Green Master Mix ThermoFisher (#A25742) 

TopSeal-A Plus Perkin Elmer (#6050195) 
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2.1.16 Plasmids 

 

Vector Marker Insert Source 

 

pHTN HaloTag 

CMV-Neo 

 

Neomycin 

SA11-NSP1 A/Prof Michelle Arnold, 

Louisiana State University 

Health Sciences Center 

Shreveport, USA 

SA11-∆C17 NSP1 

No insert (control) 

pcDNA3.1 Neomycin Human viperin A/Prof Michael Beard, 

University of Adelaide, 

Australia 

 

pcDNA3.1 

 

Neomycin 

Mouse viperin Prof Peter Creswell, Yale 

University, USA Mouse viperin∆1-42 

Human viperin 

pTetOne No marker  

No insert 

Dr. Matloob Husain, University 

of Otago, New Zealand. pSBtet Puromycin 

pCMV (CAT)T7-

SB100 

No marker 

pTRE-tight No marker No insert Dr. John Taylor, University of 

Auckland, New Zealand 

pUC57 No marker Hygromycin resistant 

marker 

General Biosystems, USA 

 

 

2.2 METHODS 

2.2.1 DNA Cloning 

2.2.1.1 Restriction enzyme digestion of DNA 

To perform the DNA cloning, the GOI, in the form of either PCR products or in another plasmid, 

along with the vector of interest were digested using enzymes in the appropriate buffer at either 37oC 

or 50oC for 2 hours according to the manufacturer’s protocol. Typically, double digestions were 

performed, using the New England Biolabs (NEB) tool to find the appropriate buffer. 
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2.2.1.2 DNA ligation 

The restriction enzyme-digested plasmids and PCR products were ligated using T4 DNA ligase 

(NEB) or Quick Stick ligase (Bioline) according to the manufacturer’s protocol with slight 

modification. The ligation of insert DNA into the backbone plasmid was performed using 1:7 molar 

ratio of vector:insert. Following the mixture of the DNA with the ligase buffer and enzyme, the 

mixture was incubated overnight at room temperature.  

 

2.2.1.3 Cloning 

Myc-tagged viperin into pTRE-TIGHT 

To clone Myc-tagged viperin into pTre-Tight, the vector was digested with KpnI and XhoI in the 

presence of BSA according to the manufacturer’s protocol. The digested product was purified using 

a DNA gel extraction kit (Axygen) as per the manufacturer’s protocol. The viperin sequence from 

pcDNA3.1 was cloned into pTRE-TIGHT by ligation and transformation of the competent DH5α. 

 

Myc-tagged viperin into pTet-One 

To clone Myc-tagged viperin into pTet-One, the template was amplified using forward and reverse 

primers with MluI and AgeI restriction sites incorporated at the 5’- and 3’-end respectively (Section 

A.1 Appendix). The products were digested and ligated with the plasmid, followed by transformation 

of competent cells. 

 

Myc-tagged viperin into SB-tetGP 

To clone viperin into SB-tetGP plasmid, a human viperin sequence in pcDNA3.1(+) was used as a 

template to amplify the sequence using forward and reverse primers with integrated SfiI restriction 

sites on both 5’- and 3’-end (Section A.1, Appendix).  Both the PCR product and SB-tetGP plasmid 

were treated with SfiI restriction enzyme at 50oC for 2 hours prior to ligation. Competent DH5α cells 
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were transformed with the ligated plasmids and selected on LB agar plates supplemented with 

100μg/ml of ampicillin. 

 

2.2.2 Bacterial Culture 

2.2.2.1 Production of chemically competent E.coli 

Wildtype E.coli strain (DH5α) was streaked on LB agar plate overnight at 37oC. A single colony 

was isolated from the plate and inoculated into 5ml of LB media. The starter culture was incubated 

at 37oC with shaking overnight. A proportion of the starter culture was subsequently used to 

inoculate 100ml fresh LB-broth in a ratio of 1:100 and further incubated at 37oC until an OD600 

value of 0.9-1.0 was reached. The culture was cooled on ice for 30 minutes prior to centrifugation at 

3000 x g for 10 minutes. The supernatant was removed and the cell pellet was resuspended in 10ml 

TBS/TSS buffer. Cells were aliquoted, snap-frozen in liquid nitrogen and stored at -80oC until 

required.  

 

2.2.2.2 Transformation of competent E.coli 

A frozen aliquot of chemically competent cells (Section 2.2.2.1) was removed from -80oC storage 

and thawed on ice. The cells were mixed with 1μl of the plasmid of interest for 30 minutes, followed 

by a heat-shock process at 42oC for 90 seconds in a water bath. The cells were immediately kept on 

ice for another 1 minute, 900μl of warm LB medium was then added and the cells were incubated at 

37oC for 1 hour with agitation. Following the incubation, cells were centrifuged at 300 x g for 5 

minutes and resuspended in 100μl of fresh LB. The cells were plated on LB agar plates supplemented 

with ampicillin and incubated overnight at 37oC.  
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2.2.2.3 Glycerol storage of bacterial clones 

Transformed competent cells that grew in the presence of ampicillin were isolated and incubated in 

ampicillin-supplemented LB medium at 37oC for 6 hours. Aliquots of the culture was diluted 1:2 in 

freezing buffer and stored at -80oC. 

 

2.2.2.4 Plasmid purification 

Positive colonies were isolated using a tip, and cultured for 6 hours. The starter culture was 

subsequently diluted 1:100 for the incubation of an overnight culture in ampicillin-supplemented LB. 

The overnight culture was harvested at 4000 x g for 20 minutes. The plasmid DNA purification was 

performed according to the manufacturer’s protocol for Maxiprep (Invitrogen). The plasmid DNA 

pellet was re-suspended in TE buffer and aliquoted into smaller tubes prior to storage at -20oC until 

required.  

 

2.2.3 Mammalian Cell Culture 

2.2.3.1 Growth of mammalian cell culture 

Mammalian cell culture was conducted in a class 2 culture hood and cells were incubated at 5% CO2 

at 37oC. All cell lines were grown in DMEM supplemented with 10% FBS (Sigma Aldrich) and 

penicillin-streptomycin (100μg/ml).  

 

Adherent cell lines were subcultured once cell layers reached 80% confluence. Following the removal 

of the growth medium from the cell monolayer, adherent cells were washed twice with warm 1X 

PBS, and incubated in 0.05% trypsin-EDTA for 5 minutes at 37oC to assist cell detachment from 

culture plates. Once the cells have detached, supplemented growth medium was used to neutralise the 

effect of trypsin-EDTA. A subcultivation ratio of 1:4 was used.  
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2.2.3.2 Cryopreservation of mammalian cells 

Cells were harvested and resuspended in the supplemented growth medium, the cells were collected 

in 15ml tubes and centrifuged for 5 minutes at 300 x g at room temperature. The pelleted cells were 

resuspended in freezing medium (10% DMSO, 45% growth medium, 45% FBS) and aliquoted into 

1ml cryovials. Cells were cooled by storage at -80oC in a Nalgene™ cryopreservation container for 

a controlled cooling rate at 1 degree per minute for a minimum of 12 hours. The cells were then 

transferred into liquid nitrogen storage for long-term storage if required.  

 

2.2.3.3 Thawing of cryopreserved mammalian cells 

Cryopreserved cells were thawed by adding warm growth medium into the cryovial and transferred 

into a 15ml tube. The cells were diluted 1:7 in the growth medium and centrifuged at 300 x g for 5 

minutes. The pelleted cells were then resuspended in growth medium, plated on a cell culture dish 

and cultured at 5% CO2 at 37oC. 

 

2.2.3.4 Differentiation of Caco-2 cells 

Caco-2 cells were seeded in cell culture plates and grown to reach confluence. The cells were allowed 

to differentiate for 7-10 days post-confluence before proceeding with subsequent experiments. The 

growth medium was replaced with fresh growth medium every 2-3 days. 

 

2.2.3.5 Cell counting 

Prior to plating cells for experiments and infection, the concentration of viable cells was determined 

using trypan blue. A proportion of the cells in suspension during subculture (Section 2.2.3.1) were 

diluted 1:2 with trypan blue dye in a 1.5ml tube and counted using a haemocytometer visualized by 

a compound light microscope (Leica) or using an automatic cell counter (Eve, NanoEntek).  
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2.2.4 Cloning Of Mammalian Cells 

2.2.4.1 Preparation of mammalian cells 

During the sub-culture of mammalian cells (Section 2.2.3.1), the cells were counted (Section 2.2.3.5) 

and seeded into multi-well plates until a confluency of 70% to 80% was reached, or in 100mm plates 

for transfection with pHTN. The growth medium was subsequently removed from the cells and 

washed once with 1X PBS to eliminate serum and antibiotic from the cells. Opti-MEM was then 

added to the cell monolayers for transfection.  

 

2.2.4.2 Transient cell transfection 

Viperin-encoding pcDNA3.1 

Mammalian cells were transfected with viperin-encoding plasmids with the use of a transfection 

reagent, Lipofectamine® 2000 (ThermoFisher Scientific #11668) according to the manufacturer’s 

protocol. The plasmid DNA and transfection reagent were diluted in Opti-MEM in 1.5ml tubes. The 

diluted transfection reagent was subsequently added into the tube containing the diluted plasmid DNA 

and incubated for 15 minutes at RT. The mixture was then added drop-wise to the cell monolayers 

and placed in 37oC/5% CO2 incubator. The complex was replaced with fresh growth medium after 4 

hours of incubation.   

 

Co-transfection of pTre-Tight, pTet-One and Sleeping Beauty 

Co-transfection of pTre-Tight and pTet-One plasmids with a Hygromycin resistant marker 

(GenBank: U40398) was conducted using Lipofectamine® 2000 (ThermoFisher Scientific #11668). 

The transfection ratio was kept at 1:20 by adding 1 part of the resistant marker to 19 parts of the 

plasmid of interest. Following 6 hours incubation, the complex was removed and replaced with fresh 

growth medium.  

 

Co-transfection of the Sleeping Beauty transposon with a transposase vector was also conducted in a 

similar manner with a transfection ration of 1:20.  
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RNA transfection 

To transfect poly(I:C) into mammalian cells, 2μg of poly(I:C) RNA was mixed with Lipofectamine® 

2000 (ThermoFisher Scientific). Cells were incubated with the complex for 6 hours, followed by the 

removal of the complex and addition of fresh growth medium. The transfection progressed for 24 

hours prior to total RNA extraction.  

 

Halo-tagged NSP1 (pHTN) 

Transfection of pHTN plasmid into mammalian cells was conducted using Lipofectamine® 3000 

(ThermoFisher Scientific #L3000) and 10µg of the plasmid. After 4 to 6 hours of incubation, the 

Opti-MEM was replaced with fresh growth medium. 

 

2.2.4.3 Kill curve 

A kill curve assay was conducted to determine the optimum antibiotic concentration for the 

establishment of stably-transfected cells. Cells were plated in 96 well plates were treated with 

antibiotics at various concentration, ranging from 200μg/ml to 1000μg/ml. The medium was replaced 

with fresh growth medium supplemented with the antibiotic every 2-3 days. The optimal 

concentration for cell selection was determined by complete cell death between 7 to 10 days post-

initial selection. 

 

2.2.4.4 Heat-treated FBS 

As part of the attempt to establish stable viperin-transfected cell lines, the use of heat-treated FBS 

was also investigated. Therefore, FBS was heat-treated in a water bath at 56oC for 30 minutes to 

inactivate complement factors.  
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2.2.4.5 Establishment of stably-transfected cell population 

Isolation of homogenous colonies 

To establish stably-transfected cells, monolayers were treated as described for transient transfection 

(Section 2.2.4.2). Cells were subsequently harvested, plated in a dilution of 1:50 and 1:100 and 

cultured in the presence of the appropriate antibiotic. The growth medium was replaced with fresh 

antibiotic-supplemented growth medium every 2-3 days. Cell colonies with over 100 cells that 

originated from a single cell were isolated using cloning rings. Briefly, the cloning rings were placed 

to isolate the colony of interest. The cells within the cloning rings were detached from the cell culture 

by incubation with 0.05% trypsin-EDTA for 5 minutes at 37oC. The detached cells were transferred 

to 24-well plates and cultured to confluency. Once the cells reached 80% confluency, the cells were 

transferred from 24-well plates to 12-well plates and subsequently to 100mm cell culture plates. 

Protein expression of the individual clone was confirmed using a sample from each clone in an 

immunofluorescence assay detecting the Myc-tag (2.1.6) and visualized using a Nikon Ti-E 

fluorescent microscope.  

 

Selection of heterogeneous population 

For stable transfection with the Sleeping Beauty transposon, cells were co-transfected with the 

transposon and the transposase vector using Lipofectamine® 2000 transfection reagent (Section 

2.2.4.2, Materials and Methods). The transfection medium was removed 4 to 6 hours post-transfection 

and replaced with warm growth medium. The cell culture plates were incubated at 37oC/5% CO2. 

Antibiotic was added to the cell medium 48 hours post-transfection. Antibiotic-resistant cells were 

grown until 90% confluence, with no isolation of homogenous colonies. The integration of the 

transposon into the cell genome was determined by the expression of transposon-encoded GFP under 

a Nikon Ti-E fluorescence microscope.  
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2.2.5 Cell Treatments 

2.2.5.1 IFN treatment 

Cells that were cultured in multiwell plates for experiments were grown in medium containing 

1,000IU/ml of Roferon-A (Roche) for either 24 or 48 hours. The cells were then either subjected to 

infection with RV or RNA extraction for RNA expression analysis.  

 

2.2.5.2 MG132 treatment 

MG132 treatment was conducted specifically for RV-infected cells. Cells were infected with RV at 

MOI of 1. Following 1-hour virus adsorption, the virus inoculum was removed and replaced with 

fresh serum-free medium supplemented with 0.5µg/ml of trypsin. Cells were then treated with 10µM 

of MG132 or DMSO as a negative control.  

 

2.2.6 Rotavirus (RV) 

2.2.6.1 Rotavirus inactivation 

RV was activated with 10μg/ml of 0.25% trypsin and incubated in a 37oC water-bath for 1 hour prior 

to any further treatments.  

 

2.2.6.2 Virus propagation 

RV propagation was conducted in MA104 cells cultured in either 100mm plates or T75 flasks. Cells 

were infected with 0.05 ffu/cell of virus inoculum in serum-free DMEM for 1 hour during the 

adsorption stage. Virus inoculum was removed, and replaced with fresh serum-free medium 

supplemented with 0.5µg/ml of trypsin. Cells were further incubated at 37oC/5% CO2 until CPE was 

observed.  

 

To harvest the intracellular virus, cell monolayers underwent three cycles of freeze-and-thaw. Cell 

debris was removed by centrifugation at 1000 x g for 15 minutes. For experiments requiring high 

concentration of virus, the supernatant harvested were concentrated by ultracentrifugation. For 
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experiments that do not require a high concentration of virus, the supernatant was collected post-

centrifugation, aliquoted and stored at -80oC. Virus titre was determined by focus forming assay. 

 

2.2.6.3 Rotavirus concentration by ultracentrifugation 

Due to the requirement for high RV titres, ultracentrifugation was required to concentrate the virus. 

Following removal of cell debris by low-speed centrifugation, the supernatant containing virus 

particles was transferred to Polyallomer centrifuge tubes (Beckman Coulter), and ultracentrifuged 

of 100,000 x g for 1.5 hours at 4°C in a Beckman Coulter type 45 Ti fixed-angle rotor. The 

supernatant was removed and virus pellet was re-suspended in serum-free DMEM. Aliquots of the 

virus were then stored at -80oC. Virus titre was determined by focus forming assay. 

 

Experiments using psoralen/UV-treated RV required semi-purified virus. Therefore, virus semi-

purification was conducted according to a previously published protocol [184]. The virus was 

propagated in four 15cm plates. Following clarification, the propagated virus was distributed equally 

in two Polyallomer centrifuge tubes (Beckman Coulter), and 2ml of 35% sucrose in TNC buffer 

(20mM Tris-HCl, 100mM NaCl, 1mM CaCl2) was added below the virus supernatant. The tubes were 

weighed and centrifuged at 100,000 x g for 1.5 hours at 4°C in a Beckman Coulter type SW28 Ti 

swinging-bucket rotor. The supernatant was discarded and each virus-containing pellet was 

resuspended in 1ml of TNC buffer. To homogenise the suspension, the semi-purified virus was passed 

through a 25-gauge needle several times. The virus was stored at -80°C.  
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2.2.6.4 Fluorescent focus-forming assay (FFA) 

Virus titration was carried out following the protocol for FFA with minor alterations [184]. Initially, 

rotavirus was activated and diluted 10-fold in serum-supplemented DMEM. The diluted virus was 

added directly to cell monolayers and incubated at 37oC/5% CO2. Following 16-18 hours 

incubation, the supernatant was removed and cells were fixed and permeabilised with 100% ice-

cold methanol for 2 minutes. Monolayers were washed twice with 1x PBS and blocked with 3% 

non-fat milk for 1 hour. Primary antibody, diluted in 3% non-fat milk, was added to cell monolayers 

and incubated at 37oC for 1 hour. Monolayers were washed 3 times in PBS-Tween and incubated in 

secondary antibody at 37oC for 1 hour. Monolayers were again washed 3 times in PBS-Tween to 

remove unbound antibodies, and stored in water in the dark. Virus titre was determined using an 

inverted fluorescent microscope (Nikon Ti-E). 

 

2.2.6.5 Psoralen/UV rotavirus inactivation 

For inactivation, semi-purified rotavirus was treated with 40µg/ml of psoralen for 15 minutes on ice. 

The treated virus was then exposed to UV-light (15W) in a Class II biosafety cabinet for 1 hour.  

 

2.2.6.6 Rotavirus infection 

The method of cell infection was similar to that of virus propagation. Briefly, cell monolayers were 

infected with the virus at a certain MOI in serum-free DMEM for 1 hour. Following the adsorption 

stage, the virus inoculum was removed and replaced with fresh serum-free medium containing 

0.5µg/ml of trypsin. Cells were further incubated at 37oC/5% CO2 for a specified duration.  

 

To measure virus titre, the intracellular virus was harvested by three freeze-and-thaw cycles and 

analysed with a focus-forming assay (section 2.2.6.4).  
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2.2.7 Sample Preparation 

2.2.7.1 RNA extraction and cDNA production 

Following the appropriate treatments of cell monolayers, total RNA was extracted with either a 

Nucleospin RNA® kit (Macherey-Nagel) or Trizol (ThermoFisher) according to the manufacturer’s 

protocol. Concentrations of extracted RNA were determined using NanoPhotometer (Implen GmbH, 

Germany) and stored at -80oC until required.  

 

cDNAs were synthesised from 1μg of purified total RNA using random hexamers. The protocols 

were derived from the SuperScript™ III Reverse Transcriptase (ThermoFisher Scientific) and M-

MLV Reverse Transcriptase (ThermoFisher Scientific) protocols. The recovered cDNA was diluted 

10-fold and kept at -80oC until further required. 

 

2.2.7.2 Protein extraction 

Total cellular protein was extracted by lysing cells in an SDS-based lysis buffer. The cell lysates were 

made homogenous by passing through needles and syringes. The collected lysates were boiled for 5 

minutes prior to centrifugation to remove cell debris, followed by quantification by BCA assay. 

 

2.2.7.3 BCA assay 

The BCA protein assay (Thermo Scientific) was performed according to the manufacturer’s protocol. 

BSA standards were serially diluted and cell lysates were diluted at 1:10. 10μl of the sample and 

standard was added per well of a 96-well plate. The working reagent was prepared by adding 50 parts 

of Reagent A to 1 part Reagent B, and 200μl/well was mixed with the samples. The reaction was 

incubated at 37oC for 30 minutes before reading the absorbance at 562nm using a plate reader 

(EnVision, Perkin Elmer). The concentration of protein in the sample was determined according to 

the standard curve. 
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2.2.8 Detection Assays 

2.2.8.1 Immunofluorescence for the detection of protein of interest 

Following transfection, expression of the protein was confirmed by immunofluorescence using 

antibodies directed against the protein. Cell monolayers were washed twice in 1X PBS and fixed by 

treatment with 4% PFA for 10 minutes at RT. Cells were permeabilised with 0.2% Triton X-100 for 

5 minutes, washed once, and incubated with the blocking solution (Section 2.1.8) for 1 hour. 

Incubation with the primary antibody was carried out for 2 hours at RT with gentle agitation. 

Following a washing step with PBS-T, monolayers were further treated with fluorescence-conjugated 

antibodies for 1 hour at 37oC with intermittent agitation. This was then followed by nuclear staining 

for 5 minutes at RT. Images were captured using an inverted Nikon Ti-E fluorescence microscope.  

 

2.2.8.2 Agarose gel electrophoresis 

Gels were prepared by dissolving 1% of certified molecular biology agarose (BioRad) in 1X TBE 

buffer. cDNA samples were prepared with 10X loading buffer (ThermoFisher) to reach a final 1X 

loading buffer. The mixture was then loaded into the wells. Gel electrophoresis was carried out at 

100V for 40 minutes and visualised with GelDoc™ XR+ System (BioRad). 

 

2.2.8.3 Quantitative polymerase chain reaction (qPCR) 

Quantitative PCR was performed to quantify the induction of interferon-stimulated genes in IFN-

treated and RV-infected cells. All reactions were performed in duplicate in a 384 well plate. The 

reaction was conducted according to the manufacturer’s protocol for PowerUp™ SYBR™ Green 

master mix (Applied Biosystems). In brief, 300nM forward and reverse primers (Section A.2, 

Appendix) and 2μl diluted cDNA template were added to 5μl PowerUp™ SYBR™ Green master 

mix in a final volume of 10μL. The PCR protocol was: 50°C for 2 minutes, 95°C for 2 minutes, 40 

cycles of 95°C for 15 seconds and 60°C for 1 minute. The dissociation curve conditions were: 95°C 
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for 15 seconds at a ramp rate of 1.6°C/second, 60°C for 1 minute at the same ramp rate, and 95°C for 

15 seconds at a ramp rate of 0.15°C/second. The reaction was performed in the QuantStudio 5 Real-

Time PCR System (Applied Biosystems). The fold induction of all genes was calculated using the 

ΔΔCT method, where ΔCT (stimulated cells) - ΔCT (non-stimulated cells), and ΔCT  =  CT (GOI) - CT 

(housekeeping gene from that sample). The efficiency of each primer was determined and shown in 

Section A.3 (Appendix).    

 

2.2.8.4 SDS-polyacrylamide gel electrophoresis 

12.5% SDS-PAGE gels were made in BIO-Rad gel-making apparatus. Protein samples were diluted 

in 0.5x volume of 5x Laemmli buffer with 10% β-ME and denatured by boiling for 5 minutes. The 

samples, along with a prestained molecular weight ladder (Page Ruler™, Thermo Scientific #26616), 

were then loaded onto the gels by a Hamilton syringe. Gel electrophoresis was conducted at 120V in 

a mini Protean 3 (Bio-Rad) apparatus in SDS-PAGE running buffer. The gel electrophoresis ran 

between 60 minutes to 120 minutes.  

 

2.2.8.5 Western Blot 

Following protein separation by SDS-PAGE gels, the proteins were transferred to 0.2µm 

nitrocellulose membrane (Amersham™ Protran® 0.2NC, GE Healthcare Life Sciences) to analyse 

protein expression. The materials required for a sandwich setup was soaked for 2 minutes in cold 

transfer buffer. The gel was subsequently placed on the membrane in between 2 pieces of filter paper 

and 2 fibre pads in a plastic frame. The sandwich setup was submerged in chilled transfer buffer with 

ice packs and magnetic stirrer to maintain the low temperature. Protein transfer was carried out at 

100V for 45 minutes in a Criterion wet blotting apparatus (Bio-Rad).  

 

Following the transfer, the cellulose membrane was blocked with 10% non-fat milk for 1 hour at 

room temperature, followed by incubation with the appropriate primary antibody in either 3% BSA 
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or 3% non-fat milk overnight at 4oC. After three washes with the wash solution, the secondary 

horseradish-peroxidase-conjugated antibody diluted in 3% non-fat milk was added and incubated for 

1 hour at room temperature. Following a washing step, the protein bands were visualised and 

processed using Amersham Imager 600 (GE Healthcare Life Sciences, USA).  

 

2.2.9 Proteomics 

2.2.9.1 HaloTag® pull-down assay 

The HaloTag pull-down assay was conducted as per the manufacturer’s protocol in the HaloTag 

Mammalian Pull-Down Systems Technical Manual (Promega) with slight modifications. Briefly, 

A549 and Caco-2 cells were transfected with the vector only or NSP1-containing plasmid for 24 hours 

(Section 2.2.4.2). Cells were then washed with ice-cold PBS twice, harvested by gentle scraping in 

ice-cold PBS and transferred into 15ml tubes. The cells were centrifuged for 10 minutes at 2,000 x g 

at 4oC. The PBS was discarded and the collected pellets were incubated at -80oC for at least 30 

minutes. The cell pellets were thawed, lysed in mammalian lysis buffer (50mM Tris-HCl , pH 7.5, 

150mM NaCl, 1% Triton X-100, 0.1% sodium deoxychalate, 1X protease inhibitor cocktail) and 

incubated on ice for 5 minutes. The lysates were subsequently passed through a 25-gauge needle for 

10 times and centrifuged at 14,000 x g for 5 minutes at 4oC. The cleared lysate was then added to 

200μl of equilibrated beads/slurry and incubated for 30 minutes at RT. The beads were washed three 

times in the wash buffer, and a further three times in non-detergent-containing buffer. The samples 

were eluted in 8M urea and kept at -80oC until required for mass-spec analysis. 
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2.2.9.2 Mass spectrometry – sample preparation 

To each sample, DTT was added to a final concentration of 10mM, followed by heating at 56oC for 

15 minutes to reduce disulphide bonds. Samples were then alkylated by addition of iodoacetamide 

(50mM final concentration) and incubated in the dark at room temperature for 30 minutes. Residual 

iodoacetamide was quenched by the addition of further DTT. Total protein content was measured by 

EZQ assay (Invitrogen), which indicated that <10µg of protein was present in each sample. Samples 

were diluted 10-fold with 50mM ammonium bicarbonate and digested with 0.1µg sequencing grade 

modified porcine trypsin (Promega) in a chilled microwave reactor using 15W of power at 45oC for 

60 minutes. The reaction was acidified with 20µl of 50% formic acid. The digests were purified using 

10mg Oasis HLB SPE cartridges (Waters) and eluted with 300µl of 50% acetonitrile. Extracts were 

concentrated to 15µl in a vacuum centrifuge and centrifuged at 16,000 x g prior to LC-MS/MS 

analysis. 

 

2.2.9.3 LC-MS/MS analysis 

LC-MS/MS analyses were performed on an Eksigent 425 nanoLC chromatography system (Sciex, 

Framingham MA, USA) connected to a TripleTOF 6600 mass spectrometer (Sciex) by the Mass 

Spectrometry Equipment Centre (The University of Auckland, New Zealand). Samples were injected 

onto a 0.3x 10mm trap column packed with Reprosil C18 media (Dr Maisch) and desalted for 5 

minutes at 10µl/min prior to separation on a 0.075 x 200 mm picofrit column (New Objective) packed 

in-house with Reprosil C18 media. The following gradient was applied at 250nl/min: 0min 5%B; 

45min, 40%B; 47min, 95%B; 50min, 95%B; 50.5min, 5%B; 60min, 5%B, where A was 0.1% formic 

acid in water and B was 0.1% formic acid in acetonitrile. 

 

The picofrit spray was directed into the TripleTOF 6600 Quadrupole-Time-of-Flight mass 

spectrometer (Sciex) scanning from 350-2000 m/z for 200ms, followed by 45ms MS/MS scans on 

the 40 most abundant multiply-charged peptides (m/z 80-1600) for a total cycle time of approximately 
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2 seconds. The mass spectrometer and HPLC system were under the control of the Analyst TF 1.7 

software package (Sciex).  

 

The resulting data were compared with all entries from the Uniprot human proteome (December 

2019) appended with common contaminant sequences (74,604 entries in total), using ProteinPilot 

(version 5.0) (Sciex). Search parameters included: Sample Type, Identification; Search Effort, 

Thorough; Cys Alkylation, Iodoacetamide; Digestion, trypsin, ID Focus, Biological modifications, 

FDR Analysis, Yes. Peptide summaries were exported into Excel for data analysis. Proteins from 

each search having ‘unused scores’ below the 1% False Discovery Rate for that dataset were 

excluded. For each remaining sample-derived protein, the peptide intensities from a non-redundant 

list of identified sequences were summed to give a measure of relative abundance within the sample. 

 

2.2.10 Statistical Analysis 

All statistical analysis was conducted using GraphPad Prism software (v.7, v.8) for Windows (San 

Diego, USA).  
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CHAPTER 3: VIPERIN AND RV 
  



51 

3.1 INTRODUCTION 

3.1.1 Viperin Structure 

As discussed earlier (Section 1.4.3), viperin is an ISG known to inhibit the replication of a wide range 

of viruses. It was first discovered as a protein induced following infection of human fibroblasts with 

human cytomegalovirus [185]. The protein is well-conserved at the amino acid level during the course 

of evolution [106, 186]. It consists of three domains. The N-terminus of the protein is composed of 

residues 45 to 73 (numbering according to the mouse sequence) and can vary between species [107]. 

The amphipathic helix, comprised of amino acid 1 to 45 is responsible for targeting viperin to the ER 

as well as to the lipid droplet [107, 110, 187]. The lack of conservation on the protein N-terminus 

implies that its localisation is species-specific and the cellular location of inhibition of viral 

replication can vary. In contrast to the N-terminus, the C-terminal sequences (residues 337 to 362) 

and the central radical SAM domain are highly conserved [107]. The SAM domain is known to 

interact with iron sulphur clusters and may be necessary for the inhibition of certain viruses, although 

the full mechanism of viperin-mediated inhibition is yet to be understood [188, 189]. After the work 

described in this chapter was completed, a study that highlighted the production of ddhCTP by viperin 

as a mechanism of inhibition was published [190]. This is discussed further in the discussion section. 

A comparison of viperin sequences from a number of species is shown in Figure 3.1.  
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Figure 3. 1: Viperin amino acid sequence comparison. 

Viperin sequences from various species were obtained from Genbank (Siniperca knerii: ABO48453.1, Mus 

musculus: AAL50054.1, Homo sapiens: NP_542388.2 and Bos taurus: NP_001039406.1). The protein 

possesses three conserved regions, as indicated. Image modified from Helbig and Beard, 2013 [107].  

            Amphipathic Helix 
 

Siniperca      -mqfspvvaspklllqlcintlhcimasiistvcy------waagackgtts----pvpp 49 
Mus            --mlvptalaa-rllslfqqqlgslwsglailfcwlrialgwldpgkeqpqv--rgelee 55 
Homo           mwvltpaafag-kllsvfrqplsslwrslvplfcwlratf-wllatkrrkqqlvl--rgp 56 
Bos            mwmlvpiafal-kllnvflqplgsvwsslgplflqlraas-wlaggersrplqdrreage 58 
                  : * . :   **.:  : * .:  .:   .        *     .             
 
      Radical SAM domain 
 
Siniperca      vdsnldqrkvqnamtptsvnyhftrkcnykcgfcfhtaktsfvlpleeakrglkllkesg 109 
Mus            tqetqedgnstqrttpvsvnyhftrqcnykcgfcfhtaktsfvlpleeakrgllllkqag 115 
Homo           detkeeeedpplpttptsvnyhftrqcnykcgfcfhtaktsfvlpleeakrgllllkeag 116 
Bos            pgraegedggdlpttptsvnyhftrqcnykcgfcfhtaktsfvlpleeakkgllmlkeag 118 
                     :       **.********:************************:** :**::* 
 
     Radical SAM domain 
 
Siniperca      mekinfsggepflhekgeflgklvqfckldlqlpsvsivsngsmikekwfqkygdyldil 169 
Mus            lekinfsggepflqdrgeylgklvrfckeelalpsvsivsngsliqerwfkdygeyldil 175 
Homo           mekinfsggepflqdrgeylgklvrfckvelrlpsvsivsngslirerwfqnygeyldil 176 
Bos            mekinfsggepflqdrgeylgrlvkfckqelqlpsvsivsngslirerwfqkygeyldil 178 
               :************:::**:**:**:*** :* ***********:*:*:**:.**:***** 
 
    Radical SAM domain 
 
Siniperca      aiscdsfdettnqligrtqgrkshvdnlhkirnwcqqykvafkinsvintfnmdedmtep 229 
Mus            aiscdsfdeqvnaligrgqgkknhvenlqklrrwcrdykvafkinsvinrfnvdedmneh 235 
Homo           aiscdsfdeevnvligrgqgkknhvenlqklrrwcrdyrvafkinsvinrfnveedmteq 236 
Bos            aiscdsfdeqvnvligrgqgkknhvenlqklrtwckeyrvafkinsvinrfnvdedmkeq 238 
               ********* .* **** **:*.**:**:*:* **::*:********** **::***.*  
 
    Radical SAM domain 
 
Siniperca      itqlnpvrwkvfqcllidgenageealreaerfvisdqlfqefldrhssisclvpesnek 289 
Mus            ikalspvrwkvfqclliegensgedalreaerflisneefetflerhkevsclvpesnqk 295 
Homo           ikalnpvrwkvfqclliegencgedalreaerfvigdeeferflerhkevsclvpesnqk 296 
Bos            italnpvrwkvfqcliiegensgedalreaerfvisdeefeafldrhkdvsclvpesnqk 298 
               *. *.**********:*:***.**:********:*.:: *: **:**..:********:* 
 
        C-terminus 
 
Siniperca      mrnsylildeymrfldcragrkdpsksildvgvkdaisfsgfdekmflkrggkyvwskad 349 
Mus            mkdsylildeymrflnctggrkdpsksildvgveeaikfsgfdekmflkrggkyvwskad 355 
Homo           mkdsylildeymrflncrkgrkdpsksildvgveeaikfsgfdekmflkrggkyiwskad 356 
Bos            mrdsylildeymrflncrngrkdpsksildvgveeaikfsgfdekmflkrggkyvwskad 358 
               *::************:*  **************::**.****************:***** 
 
 
Siniperca      mklqw 354 
Mus            lkldw 360 
Homo           lkldw 361 
Bos            lkldw 363 
               :**:* 
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3.1.2 Regulation Of Viperin Expression 

Viperin expression can be induced through IFN-dependent or IFN-independent pathways. The IFN-

dependent pathway is controlled by the ISGF3 complex (Section 1.4), whereas the IFN-independent 

mechanism is reliant on IRF3 or IRF1. The murine viperin gene has consensus response elements for 

NFκB as well as IRF elements [191]. This allows IRF1 to bind directly to the viperin promoter 

without requiring IFN signalling. The ability of viperin to be induced independently of IFN was 

supported by the observation that IFNAR-deficient fibroblasts were able to exhibit a viperin antiviral 

response against VSV [191]. Similarly, inhibition of IFN translation through cycloheximide treatment 

did not prevent cells from up-regulating ISG mRNA levels in response to HCMV infection [192]. 

Further investigation revealed that IRF3 was responsible for the induction of transcription of ISGs, 

with the induction being inhibited in the presence of IRF3-specific siRNA [192]. The tight control of 

viperin through either IRF3, IRF1 or ISGF3 suggest that the protein plays a crucial role in mediating 

antiviral activity.  

 

3.1.3 Mechanisms Of Viral Inhibition 

The antiviral activities of viperin from various species have been widely demonstrated. Numerous 

studies have investigated the antiviral effect of viperin expression on human viruses using human and 

mouse viperin [111, 112, 193, 194]. In addition, the antiviral activities of viperin are also conserved 

in other species. It was recently discovered that chicken-derived viperin was effective in inhibiting 

infection of Newcastle disease virus [195], while porcine viperin inhibited the replication of CSFV 

[196]. The mechanism of viperin-mediated viral inhibition appears to differ when studied in the 

context of different viruses and cell types.Viperin is able to inhibit viral release from infected cells, 

and co-localise with virus assembly complex to inhibit the production of virus progenies. A recent 

discovery in 2017 also revealed viperin-mediated synthesis of a nucleoside analogue that could inhibit 

the production of full-length viral RNA [190].  
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3.1.3.1 Inhibition In Viral Release 

A yeast two-hybrid screen revealed an interaction between viperin and the key enzyme responsible 

for cholesterol production, known as FPPS [197]. The activity of FPPS in viperin-expressing HeLa 

cells was reduced in a time-dependent manner, indicating that viperin was responsible for inhibiting 

the enzyme [112]. Reduced FPPS activity was found to increase the fluidity of the plasma membrane 

that hinders the release of influenza A virus (IAV) progenies from infected cells [112]. However, 

over-expression of FPPS led to the recovery in its enzymatic activity and interfered with viperin-

mediated inhibition of IAV replication [112].  

 

Viperin was also found to be up-regulated in response to HIV-1 infection. While IFN-α stimulation 

of monocyte-derived macrophages led to diffused viperin expression, HIV-1 infection redistributed 

viperin to co-localise with viral p24 capsid protein, a known marker for viral assembly site [189]. In 

addition, HIV-induced viperin expression led to the dispersion of lipid rafts important in HIV-1 entry. 

HIV-1 replication was rescued through the over-expression of FPPS, highlighted by increased in 

HIV-1 cDNA levels. Further investigation revealed that viperin expression did not affect intracellular 

p24 capsid expression, however significantly reduced extracellular expression, indicating an 

inhibition in viral egress from infected cell [189]. 

 

3.1.3.2 Co-Localisation Of Viperin With Virus Assembly Complex 

Viperin expression in fibroblasts resulted in reduced HCMV production without affecting the 

expression of viral immediate early genes [185]. However, the expression of important viral proteins, 

such as the early-late, late and true-late proteins was significantly inhibited in viperin-expressing 

cells. Infection of fibroblasts with HCMV led to redistribution of viperin from the ER to the site of 

viral glycoprotein maturation and viral assembly site, thus preventing production of virus progenies 

[185]. 
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Viperin is also known to localise to lipid droplets. Lipid droplets are sites of deposition of neutral 

lipids acquired either from the diet or intracellular synthesis and are abundant in certain cell types, 

including hepatocytes and intestinal epithelial cells (IECs) [198]. Lipid droplets are associated with 

the ER, the organelle with a central role in their biogenesis [198]. The surface of lipid droplets 

represents an important platform during the replication and assembly of various viruses. The 

importance of lipid droplets was emphasised when a cholesterol-sequestration assay revealed that the 

formation of the HCV replication complex relies on the availability of cholesterol in infected cells 

[199]. In addition, HCV core and NS5A proteins, the essential constituents of HCV replication 

complex, were found to localise to lipid droplets during virus replication [193]. HCV replication 

utilizes a cellular factor, known as VAP-A [193]. The localization of viperin with viral proteins at 

viral assembly site also allowed viperin to interact with VAP-A, causing a destabilization of the 

replication complex, thus inhibiting the production of virus progenies [193]. Together these results 

suggest that cholesterol availability is critical for the localisation of viral NS5 proteins to lipid droplets 

and is the determining factors in HCV replication that is targeted by viperin.  

 

Dengue virus (DENV) that belongs to the same family as HCV, is also known to utilise lipid droplets 

as part of its replication, with the viral capsid protein co-localises around lipid droplets [200]. This 

association was confirmed through a fractionation assay, where the capsid protein and a lipid droplet 

marker, adipose differentiation-related protein (ADRP), were located in the same fraction. Expression 

of the viral capsid protein in BHK cells resulted in an increase in the size and numbers of lipid 

droplets, highlighting the importance of this organelle in virus replication [200]. Furthermore, a 

mutation in the viral capsid protein that abolished its localisation to the lipid droplets resulted in 

significantly reduced viral titres. Fatty acid synthase inhibitors were able to completely inhibit virus 

replication [200]. This emphasises the significance and utilisation of lipid droplets by viruses to assist 

or enhance viral replication. 
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3.1.4 Rotavirus And Lipid Droplets 

Several reports identify the role of lipid droplets in the assembly of rotavirus in MA104 cells [201, 

202]. In RV-infected cells, viral proteins and RNA are recruited to viroplasms that are characterised 

by electron-dense aggregates in which progeny DLPs are assembled prior to assembly of the outer 

capsid in a membrane-bound compartment [203]. The association of RV with lipid droplets was 

confirmed when viral NSP2, a viral protein known to be required for the formation of viroplasms, co-

localised with ADRP within lipid droplets [201]. Whilst viroplasms can be detected as early as 2 

hours post-infection, the recruitment of lipid droplets components to the site only occur at 5 hpi 

onwards. Any disturbance to the lipid droplets components led to the inhibition of virus replication, 

with reduced numbers and sizes of viroplasms [201].  

 

Treatment of RV-infected MA104 cells with chenodeoxycholic acid (CDCA) was able to inhibit virus 

replication [204]. CDCA is a bile acid that is synthesised in the liver. Its expression controls 

triglyceride levels, making it an important component in lipid droplet homeostasis. CDCA treatment 

significantly suppressed the increase in triglycerides level in infected cells, subsequently restricting 

virus replication [204]. Investigation in mice also produced a consistent result; mice that received 

CDCA treatment at day 1 and 3 post-infection exhibited reduced virus shedding [204]. These results 

confirm the necessity of lipid droplets in RV replication.  

 

Given the reported role of lipid droplets in the assembly of RV and the precedent for the antiviral 

mechanism of viperin acting through disruption or modulation of virus-encoded proteins with lipid 

droplets, it was reasonable to hypothesise that viperin expression in RV-infected cells might restrict 

replication through a mechanism associated with lipid droplets.  
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Both IFN and viperin are known to be induced in RV-infected cells. Intestinal cells extracted from 

suckling mice infected with a murine EW strain of RV showed robust IFN up-regulation and revealed 

induction of viperin, ISG15, ISG20, IFIT1 and IFIT2 in infected epithelial cells [182]. To investigate 

the effects of viperin on RV replication independently of the IFN response, and thus eliminate the 

potential inhibitory roles of other ISGs, an RV-permissive cell model, in which viperin could be 

selectively and synchronously induced by transfection is required. Although viperin-expressing cell 

lines have been established, these cell lines are not ideal for RV infection. This chapter report attempts 

to create a suitable viperin-expressing cell-line to investigate the potential antiviral action of viperin 

in RV-infected cells.  

 

3.2 RESULTS 

3.2.1 Transfection Of pcDNA3.1-Myc-Viperin Into Ma104 Cells 

To investigate the effect of viperin expression on viral replication, a cell line that supports all phases 

of the virus life cycle is required; the chosen cell line is also required to be transfectable. MA104 is 

highly permissive for RV replication and is considered a “gold-standard” cell line for RV propagation. 

Previous studies have reported over-expression studies in MA104 cells using various methods such 

as lipofection and transduction [127, 205-207]. Experiments in this chapter adopted the lipofection 

method that relies on the lipid component to assist the entry of DNA into the target cell [208] (Section 

2.2.4.2). The hydrophobicity of the lipid component permits a hydrophilic DNA molecule to 

transverse the hydrophobic membrane, allowing target cells to be more receptive to the DNA uptake. 

To ensure that the transfection method was able to yield viperin-expressing cells, a monolayer of 

MA104 cells was transfected with a plasmid encoding for Myc-tagged viperin and probed for the 

expression of viperin 24 hours post-transfection using immunofluorescence (Section 2.2.8.1). 

Transiently transfected MA104 cells expressed viperin at high levels (Figure 3.2). However, the low 
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proportion of positively transfected cells as seen in Figure 3.2 was undesirable as it may mask the 

antiviral effect of viperin. Thus, stable transfection of the cell line was investigated 

 

A stably-transfected cell line is a homogenous cell population that arises from a single transfected 

cell with a permanent expression of the GOI through chromosomal integration of the transfected 

DNA. To develop a stably-transfected MA104 cell line, the method of cloning by limiting dilution 

was adopted (Section 2.2.4.5). Cell growth medium was supplemented with neomycin to maintain 

the selective conditioning for transfected cells. However, clones that were selected and isolated did 

not survive past 10 days post-transfection (results not shown).  
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Figure 3. 2: MA104 cells were transiently transfected with pcDNA3.1-Myc-viperin plasmid 

MA104 cells transiently transfected with pcDNA3.1-Myc-viperin (left) or with empty pcDNA3.1 (right) were 

permeabilised with Triton X-100 and stained with anti-viperin antibody (green) and Hoechst for nuclear 

staining (blue) (Section 2.2.8.1). Expressions were observed by fluorescence microscopy at 24 hours post-

transfection. Scale bar: 100µm. 
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3.2.2 Establishment Of Tetracycline-Inducible System For The Expression Of 

Viperin In MA104 Cells 

Viperin is an ISG that is under tight transcriptional control and is only up-regulated in response to 

infection. The limited basal level of viperin expression in vivo suggests possible toxicity associated 

with viperin over-expression. To eliminate the possibility of viperin-related toxicity restricting the 

viability of transfected cells, an inducible expression system known as Tet-on (Clontech), was chosen. 

This inducible system requires the presence of both a transactivator protein and the promoter in one 

cell in order to express the GOI. The transactivator protein is activated in the presence of tetracycline 

or its analogue, doxycycline. This activation allows it to bind to the inducible promoter to initiate 

transcription (Section A.4, Appendix). Thus, this inducible system provides for very tightly regulated 

protein expression.  

 

MA104 cells with the Tet-on system, including the promoter, incorporated into the genome were 

previously established in our lab. The Tet-on system requires the desired gene to be introduced into 

the cells using a pTRE-TIGHT vector, in which the GOI is placed under the transcriptional control 

of a tetracycline-inducible promoter (Section A.4, Appendix). To ensure that the inducible system 

was functional, the pTRE-TIGHT with GFP incorporated (pTRE-TIGHT-GFP) was transfected into 

Tet-on-transfected HEK293 cells. As expected, transfected HEK293 cells showed a high level of GFP 

expression in the presence of doxycycline (Figure 3.3). In contrast, GFP expression was greatly 

reduced without the presence of doxycycline (Figure 3.3). These results act as a control that showed 

tight regulation of the GOI under the system.  
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Figure 3. 3: pTRE-TIGHT-GFP plasmid was functional in HEK293 cells. 

Cell monolayers were grown to 80% confluency prior to transfection. Monolayers of HEK293 were transfected 

with the pTRE-TIGHT-GFP plasmid, and cultured in the presence (left) or absence (right) of doxycycline. 

Live monolayers were analysed for GFP expression 48 hours post-transfection using an inverted fluorescence 

microscope. Scale bar: 100µm. 

 

Following the success of GFP expression in HEK293 cells, the transfection efficiency was then 

investigated in MA104 cells. The previously Tet-On cloned MA104 cell populations were further 

transfected with the pTRE-TIGHT-GFP to test for the utility of the MA104 cells. This allowed the 

isolation of a single clone with the highest intensity in GFP expression when induced with 

doxycycline, and the lowest background expression in the absence of the inducer. GFP expression 

was observed in three of the 12 clones tested when the monolayers were induced with doxycycline 

(Figure 3.4). Two of the clones showed tight control of gene expression, indicated by the absence of 

GFP expression in the absence of the inducer. However, one of the clones showed possible leaky 

expression; when the monolayers were not treated with doxycycline, a low level of GFP expression 

remained detectable (Figure 3.4). This acted as an indicator that other clones may also have a leaky 

expression that was below the minimum detection level.  
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Figure 3. 4: MA104 cells transfected with pTRE-TIGHT-GFP plasmid showed highly controlled GFP 

expression. 

MA104 monolayers grown to 80% confluency were transfected with the pTRE-TIGHT-GFP plasmid. 

Monolayers cultured in the presence (left) or absence (right) of doxycycline to induce GFP expression were 

analysed at 48 hours post-transfection using fluorescence microscopy. White arrows indicate background 

expression in the absence of the inducer, doxycycline. Scale bar: 100µm. 
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3.2.3 Heat-Inactivated FBS 

The use of tetracycline-free FBS was highly recommended by the manufacturer to avoid and prevent 

background expression of the GOI. Although the FBS used in this study had undetectable levels of 

tetracycline, the detection of viperin in non-induced cells indicate possible leaky expression (Figure 

3.4). This was undesirable as background expression of viperin may be toxic to cells, lowering the 

rate of cell survival. To reduce the possibility of induction by serum complement factors, which can 

influence the immune responses, the experiment was repeated with heat-treated FBS (Section 

2.2.4.4). In addition, to look for the effects of non-protein factors in the FBS, the effect of two FBS 

concentrations on the GFP expression was also investigated. Since different cell lines exhibit different 

responses to change in environmental conditions, MA104 cells were utilised for optimisation. 

Therefore, the three clones from Figure 3.4 (Section 3.2.2) were chosen for this investigation. No 

difference in GFP expression was observed between monolayers cultured in 5% FBS and those 

cultured in 10% FBS (Figure 3.5). Monolayers cultured in either concentration of FBS expressed GFP 

in the presence of doxycycline. However, detection of GFP remained in the absence of doxycycline, 

albeit to a lower level, in monolayers cultured in 10% FBS (Figure 3.5). This expression was lacking 

in the non-induced monolayer cultured in 5% FBS, indicating the possible presence of tetracycline or 

tetracycline-analogue within the FBS.  

 

Monolayers cultured in 5% heat-inactivated FBS failed to express GFP, regardless of the doxycycline 

treatment, indicating an unsuitable environment for transfected cells (Figure 3.5).  Tighter control of 

the inducible system was observed in monolayers cultured in 10% heat-inactivated FBS, with GFP 

detected only in the presence of doxycycline. In contrast to the monolayers that received non-

inactivated FBS, heat-inactivated FBS resulted in improved regulation of gene expression.  Therefore, 

the results collectively indicate that cells cultured in 5% non-inactivated or 10% heat-inactivated FBS 

showed improved regulation of gene expression, thus implies that the conditions are suitable for the 

inducible system with a further reduced background expression. 
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Figure 3. 5: Transfected MA104 cells cultured in 5% FBS and 10% heat-treated FBS showed better 

control of the Tet-On inducible system. 

Monolayers of MA104 cells grown to 80% confluency were transfected with pTRE-TIGHT-GFP plasmid. 

Cells were cultured in the presence or absence of doxycycline to induce GFP expression. The effect of different 

concentrations of FBS (left) and heat-treated FBS (right) on GFP expression was also investigated. GFP 

expression in live cells was analysed at 48 hours post-transfection using fluorescence microscopy. White 

arrows indicate background viperin expression. Scale bar: 100µm. 
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These experiments suggested that leaky expression of the GOI can be overcome by using either 5% 

FBS or 10% inactivated FBS. To isolate a homogenous clone with no gene expression in the absence 

of the inducer, the optimised culture conditions using 10% heat-inactivated FBS were used. This was 

based on the recommended 10% serum concentration by ATCC. Based on the result in Figure 3.4, 

MA104 clone 1 and clone 2 showed the best GFP intensity and the lowest basal level of gene 

expression when unstimulated. Thus, these two clones were chosen for the establishment of stably-

transfected cell lines using pTRE-TIGHT-viperin. Due to the absence of a selectable marker in the 

pTRE-TIGHT vector, co-transfection of cells with linear hygromycin-resistant gene marker was 

performed. The transfected clones were then isolated and selected using the limiting dilution cloning 

method (Section 2.2.4.5).  

 

While multiple hygromycin-resistant clones were isolated from this process, the results shown in 

Figure 3.6 are a representative image of surviving clones. Subclones isolated from parental clone 1 

showed a lack of viperin expression without the inducer (Figure 3.6). However, no viperin was 

detected even in the presence of doxycycline. This indicates false-positive clones, suggesting that the 

uptake of hygromycin linear marker was more successful than the uptake of the viperin-encoding 

construct. A few subclones that originated from parental clone 2 showed similar results, where viperin 

was undetected in both the induced and non-induced populations (data not shown). Whilst some 

subclones originating from parental clone 2 showed successful viperin detection in the presence of 

doxycycline (Figure 3.6), only a minority of the cell population was expressing the gene. In these 

cells, viperin was also detected in the monolayers that were not treated with doxycycline (Figure 3.6), 

further highlighting possible leaky expression of viperin.  
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Figure 3. 6: Stably-transfected MA104 cells cultured in 10% heat-treated FBS showed low levels of 

viperin expression. 

Monolayers were co-transfected with pTRE-TIGHT-viperin plasmid and a hygromycin resistant marker 

(Section 2.2.4.2). Using the limiting dilution cloning method (Section 2.2.4.5), hygromycin-resistant clones 

were selected and isolated. To confirm viperin expression, monolayers were cultured in the presence or absence 

of doxycycline to induce the Tet-On system. Viperin expression (green) and cell nuclei (blue) were detected 

48 hours post-transfection using fluorescence microscopy. Scale bar: 100µm. 
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3.2.4 Transfection Of An Improved Tet-One Induible System In MA104 Cells 

The Tet-on inducible system described above requires a two-stage transfection process. Firstly, stable 

transfection of cells with the Tet-on 3G system is required. Secondly, the cells are required to be co-

transfected with the pTre-Tight vector and an antibiotic-resistant marker. Thus, three DNA genes are 

required to be stably integrated to generate the required cells. A later development of this system, 

referred to as Tet-One (Clontech) improves the efficiency of the system by using a single plasmid to 

deliver the transactivator and GOI (Section A.5, Appendix). Although a co-transfection method with 

an antibiotic-resistant marker is also used in this system, a modified inducible promoter with tighter 

control of the gene expression should eliminate the background viperin expression in the absence of 

doxycycline.  

 

Transfection of cells with the Tet-One inducible system was similar to that of the Tet-On system; 

cells were transfected with the vector along with a linear hygromycin-resistant marker in a 20:1 ratio. 

Initial experiments used both MA104 and 293T cells to confirm viperin expression in the Tet-One 

inducible system without the linear resistance marker. Transfected MA104 and 293T cells that were 

not induced with doxycycline showed no detection of viperin expression (Figure 3.7). Although the 

variation in transfection efficiency between the two cell lines remained, with 293T cells having higher 

transfection efficiency than MA104 cells, both cell lines expressed viperin when induced with 

doxycycline. This verifies that the Tet-One inducible promoter had a tighter control on gene 

expression. 

 

Following the success in transient transfection, the same method was adopted in the presence of the 

hygromycin-resistant marker to establish a stably-transfected cell line (Section 2.2.4.5). Transfected 

cells were selected and isolated and maintained in growth medium supplemented with hygromycin. 

Similar to the results of Tet-on transfection (Section 3.2.1), cells under the pressure of hygromycin 
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selection did not survive to reach confluency, with most isolated clones dying approximately 10 days 

post-isolation (results not shown). This further highlights the difficulty in stably transfecting MA104 

cells.  

 

Figure 3. 7: Transient transfection of MA104 and 293T cells with Tet-One inducible system showed tight 

regulation of gene expression. 

Monolayers of cells were subjected to transfection with the pTet-One plasmid in the presence (bottom) or 

absence (top) of doxycycline to induce gene expression. Viperin expression (green) in live cells was detected 

48 hours post-transfection using fluorescence microscopy. Scale bar: 100µm. 

  

M
A

1
0

4
 -

 d
o

x
 

M
A

1
0

4
 +

 d
o

x
 

2
9

3
T

 -
 d

o
x
 

2
9
3
T

 +
 d

o
x
 



69 

3.2.5 Expression Of Viperin Using Sleeping Beauty Transposon In MA104 Cells  

With the difficulty of establishing a stably-transfected MA104 cell line using plasmid-based methods, 

a transposon-based method was trialled. For this purpose, the Sleeping Beauty transposon, optimized 

for the generation of stable transgenic cell lines, was obtained [209]. The Sleeping Beauty vector was 

designed to integrate a selectable marker as well as a fluorescent protein (GFP, RFP or BFP) (Section 

A.6, Appendix). To assist with cell colony isolation, the Sleeping Beauty with GFP that conferred 

resistance to puromycin was chosen to carry the viperin coding sequence. The incorporation of the 

viperin gene into the host genome requires the assistance of a transposase vector (SB100X). The 

transposase vector that made up 5% of the total transfected DNA encodes for an enzyme that catalyses 

gene transposition.   

 

In order to verify that the Sleeping Beauty transposon was functional, HeLa cells were used for initial 

investigation. Monolayers of HeLa cells were transfected with the vector carrying the viperin gene. 

Due to the GFP that was incorporated in the transposon, detection of viperin was only possible with 

a secondary fluorescent antibody that emits RFP. As expected of an inducible system, the gene 

expression was tightly regulated by the transposon, with a lack of viperin expression detected in the 

absence of doxycycline (Figure 3.8). In contrast, the expression of viperin was detected in transfected 

monolayers that also received doxycycline treatment, further indicating that the inducible system 

requires the presence of doxycycline for gene expression with undetectable basal expression level.  
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Figure 3. 8 HeLa cells transfected with Sleeping Beauty transposon expressed viperin only in the 

presence of doxycycline. 

HeLa cells were transfected with the Sleeping Beauty transposon carrying the viperin gene. Cell populations 

were cultured in the presence (left) or absence (right) of doxycycline to induce gene expression. 48 hours post-

transfection, monolayers were stained for nuclei (blue) and viperin (red) as outlined in Section 2.2.8.1. The 

stained samples were imaged using Ti-E fluorescence microscope. Scale bar: 100µm. 
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Following the successful HeLa cells transfection, the Sleeping Beauty plasmid was tested in MA104 

cells. Transfection of MA104 cells was done in parallel with transfection of 293T cells as a control. 

GFP expression in live cells was observed by fluorescence microscopy at various timepoints and 

acted as a marker to indicate successful gene integration. Confluent MA104 cells subjected to 

transfection lacked GFP detection throughout all timepoints, indicating a failure in gene incorporation 

into the host genome (Figure 3.9). Although 293T cells appeared less confluent than MA104 cells at 

24 hours post-transfection, GFP expression was detectable. GFP expression in 293T cells remained 

detectable until 120 hours post-transfection, where the cells became over-confluent (Figure 3.9). 

Although GFP expression was detectable in 293T cells at 120 hours post-transfection, it was only 

detectable in a proportion of the cell population, indicating that whilst it was transfectable, not all 

individual cells integrated the transposon into the genome. 
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Figure 3. 9: Transfected MA104 cells showed lack of GFP expression carried by Sleeping Beauty 

transposon while transfected 293T cells showed otherwise.  

Seeded MA104 and 293T cells were transfected with the Sleeping Beauty transposon along with a transposase 

vector (Section 2.2.4.2, 2.2.4.5). GFP expression in live cells was observed using a fluorescence microscope 

at various timepoints as an indicator of transposon expression and integration into the host genome. Viperin 

expression was not included in the investigation. Scale bar: 100µm. 

 

3.2.6 Transfection Of A549 Cells With pcDNA3.1 

Multiple attempts to establish MA104 cells that were stably transfected with a copy of the viperin 

cDNA were unsuccessful. By visual comparison with other cell lines such as HeLa and 293T cells, 

MA104 cells exhibit markedly reduced transfection efficiency. To analyse the impact of viperin on 

the replication of RV, a large majority, or ideally all, infected cells are required to express the viperin 

gene. Attempts to isolate a transfected clone that expressed viperin upon antibiotic selection were 

unsuccessful, despite using an inducible expression system. The most likely explanation for this 

outcome is that sustained expression of viperin, even at very low levels, during the selection process 

contributes to the death of viperin-expressing cells or loss of the viperin gene. It is worth noting that 

there are no reported studies that have developed stable expression of viperin in RV-susceptible cell 

lines. Several studies have examined the impact of viperin on virus replication by transient 

transfection of viperin prior to infection. Therefore, to proceed with the planned investigation, it was 

decided to try alternative cell lines that were more amenable to transfection while at the same time 

permissive to RV infection. Ciarlet et al. identified various cell lines that were permissive to RV 

infection at various levels [210]. While the most permissive were found to be MA104 and cell lines 

of intestinal epithelial origin, like Caco-2 and HT29, other cells exhibited levels of permissiveness 

that were compatible to study ISG activity on RV replication [210]. Based on the published finding, 

human alveolar basal epithelial (A549) cell line was selected to identify the role of viperin in limiting 

RV replication.  
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A high transfection efficiency of A549 cells is reported in several studies [58, 211, 212]. To verify 

the transfection efficiency of A549 cells, plasmids encoding for human viperin, mouse viperin and a 

deletion mutant (Δ1-42) of mouse viperin were transfected into monolayers of A549 cells. At 24 

hours post-transfection, cells were immunostained for viperin expression using anti-viperin antibody 

and examined by fluorescence microscopy (Figure 3.10). Monolayers that were transfected with 

plasmids encoding each form of the viperin gene showed high levels of expression. The transfected 

A549 cells also showed a higher transfection efficiency compared to the transfection efficiency of 

MA104 cells (Figure 3.2). 

 

The mutant mouse viperin was included due to the deletion of its N-terminus, corresponding to amino 

acid 1-42. The N-terminus of viperin is responsible for localising the protein to the ER (Section 3.1.1), 

hence this mutant would allow the investigation of the importance of ER localization. Whilst the WT 

mouse and human viperin were localized at the cell nucleus, the deletion of the N-terminus resulted 

in viperin being more diffusely distributed throughout the cell (Figure 3.10).  
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Figure 3. 10: Transient expression of human and mouse viperin in A549 cells. 

Monolayers of A549 cells were grown to 80% confluency, and transfected with one of four different plasmids; 

an empty pcDNA3.1(+) vector only control or the same plasmid containing human viperin (hVip), mouse 

viperin (mVip) or a mutant mouse viperin (mVip-Δ1-42) sequence. Cells were stained for viperin expression 

(green) and cell nuclei (blue) at 24 hours post-transfection (Section 2.2.8.1) and observed using Ti-E 

fluorescent microscope. Scale bar: 50µm. 
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3.2.7 RV Replication In A549 Cells 

The kinetics and yield of RV replication in A549 cells were measured in comparison to MA104 and 

Caco-2 cells. As stated previously, the latter two cell lines are most commonly employed in studies 

on RV. All cells were infected at an MOI of 1 with the monkey strains RRV or SA11 and virus titre 

was measured at various timepoints using a fluorescent focus assay (Section 2.2.6.4).  

 

RRV replication kinetics were similar in all three cell lines (Figure 3.11A). Virus titres in MA104 

and A549 cells were similar throughout all timepoints.  The virus titres in both A549 and MA104 

cells remained similar throughout all timepoints, increasing from 3.7x104 ffu/ml at 4 hpi to 4.4x106 

ffu/ml at 8 hpi, and finally reaching a maximum of 1x107 ffu/ml at 12 hpi (Figure 3.11A). The virus 

replication in Caco-2 cells yielded slightly higher virus titre, with an average of 1.2x105 ffu/ml at 4 

hpi that increased to 1.8x107 ffu/ml at 8 hpi, and almost reaching a plateau at 12 hpi, with a virus 

yield of 8x107 ffu/ml (Figure 3.11A).  

 

To ensure that A549 cells were supportive of other RV strains, replication kinetics of SA11 was also 

investigated. Similar to the result obtained with RRV, the replication kinetics of SA11 was similar in 

all three cell lines (Figure 3.11B). The virus yield at 4hpi was lower in A549 cells, at 7.5x104 ffu/ml 

compared to the yield obtained in Caco-2 and MA104 cells, which were 1.1x106 ffu/ml and 3.7x105 

ffu/ml, respectively. However, the virus titre in A549 cells increased at 8hpi similar to that of MA104 

cells, at 6.5x106 ffu/ml, while Caco-2 cells produced an average of 3.0x107 ffu/ml of SA11 at 8hpi. 

By 12hpi, virus titre in Caco-2 cells reached an average of 5x107 ffu/ml while it reached 2x107 ffu/ml 

in MA104 cells and 1x107 ffu/ml in A549 cells (Figure 3.11B). Collectively, the results suggested 

that A549 cells were susceptible to RV infection, and can reach to similar levels as the permissive 

MA104 cells.  
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Figure 3. 11: RV replication kinetics in MA104, Caco-2 and A549 cells. 

Differentiated Caco-2 cells and monolayers of A549 and MA104 cells were infected with (A) RRV or (B) 

SA11 infection at an MOI of 1. Infection was allowed to progress at 37°C in 5% CO2 before a freezing step at 

the indicated timepoints. The virus was released from cells by three freeze-thaw cycles and quantified by 

fluorescent focus-forming assay. The result is representative of three biological replicates. Data are mean ± 

SEM. 

 

  

A 
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3.2.8 Measuring An Effect Of Viperin In RV Replication 

Having established that A549 cells were permissive to RV replication and confirmed that the cells 

displayed a higher level of transfection efficiency than MA104 cells, the ability of viperin to inhibit 

RV replication was investigated by transfection of plasmids carrying the various form of the viperin 

gene into A549 cells prior to 12 hours infection with SA11. 

 

These experiments failed to demonstrate any effect of viperin expression on the yield of RV in A549 

cells. At 12 hpi, control cells were producing 1.5x106 ffu/ml of the virus, whereas cells over-

expressing human viperin were producing slightly higher virus titre at 1.8x106 ffu/ml (Figure 3.13). 

Whilst the titre of SA11 reached 1.2x106 ffu/ml in monolayers that were expressing mutant mouse 

viperin at 12 hpi, the yield of the virus in WT mouse viperin was slightly higher at 2.0x106 ffu/ml. 

However, a statistical one-way ANOVA test revealed that no significant difference was observed, 

thus indicating that there was no observable inhibitory effect of viperin on SA11 replication. 
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Figure 3. 12: Viperin over-expression had no effect on SA11 replication. 

Transfection of monolayers of A549 cells was followed by infection with SA11 at an MOI of 1. At 12hpi, or 

36 hours post-transfection, cell monolayers underwent three freeze-thaw cycles to release the intracellular 

virus. A combination of the extracellular and intracellular virus was quantified through FFA and foci produced 

was counted using fluorescent microscopy. Each result is representative of three independent biological 

repeats.  

 

3.3 DISCUSSION 

Several studies have demonstrated the antiviral effects of viperin against both DNA and RNA viruses 

[111, 185, 213-215]. Viperin is a ubiquitous component of the IFN response to RV infection reported 

in animal studies and cell lines [106, 112]. Therefore, the experiments performed in this chapter 

addressed the hypothesis that viperin exerts a direct antiviral activity against RV. To test this 

hypothesis, the expression of viperin in MA104 cells was engineered using various plasmid vectors 

in an attempt to establish stably-transfected viperin-expressing cells that would permit the study of 

its anti-RV activity. Various vectors were used in attempts to generate a genetically-modified MA104 

cell line. These vectors include a first generation (section 3.2.2) and second generation of the 

tetracycline-inducible system (section 3.2.4) where viperin expression could be induced by the 
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addition of tetracycline or doxycycline to cell culture media. The generation of a stably-transfected 

clone of MA104 cells that inducibly expressed viperin using the above approach was unsuccessful. 

Whilst a small number of homogenous clones were selected and isolated following transfection and 

antibiotic selection, the isolated cells did not survive for more than 10-14 days. In contrast, no positive 

clones were detected with the Sleeping Beauty transposon (Section 3.2.5). This difficulty experienced 

with MA104 cells may be exacerbated by an inherent low efficiency of transfection using the agent 

Lipofectamine 2000. A further difficulty generating viperin-expressing clones of these cells is likely 

due to a large number of cell doublings required to generate a population of cells for experiments 

from a single progenitor. During this process, any leaky expression of viperin could restrict growth 

and lead to a loss of viability through the intrinsic toxicity. Furthermore, the limiting dilution method 

also requires a high number of cells for further verification of a homogenous population [216]. The 

necessity of co-transfection with a hygromycin-resistant marker resulted in clones that only 

incorporated the resistant marker but not the viperin gene.  

 

Helbig et al. reported attempts to produce Huh-7 cells that expressed viperin that were unsuccessful 

[217]. This suggests the toxicity of viperin may contribute to the difficulties in developing a stably-

transfected MA104 cell line. Whilst one group have successfully established a viperin-inducible cell 

line [112], previous research has mostly adopted the transient transfection method [189, 213, 215]. 

The emphasis on the possible toxicity of viperin coupled with the low transfection efficiency of 

MA104 cells has proven that this cell line was non-ideal to proceed with this investigation. The 

difficulty posed with MA104 cell line led to the use of an alternative cell line that is more suitable 

for transfection and infection.  

 

The use of A549 cells in previously reported viperin over-expression studies [212, 214, 218] led to 

the inclusion of A549 cells in these experiments. The high transfection efficiency observed with A549 
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cells (Figure 3.10) indicated the ability of the cells to produce and over-express viperin without 

requiring an inducible system. The higher transfection efficiency of A549 cells compared to MA104 

cells also eliminates the requirement of a homogenous population that stably expresses viperin. 

Furthermore, an investigation on RV infectivity that was reliant on α2β1 integrin revealed that A549 

cells were permissive for RV replication, although less so than MA104 cells [210]. In contrast, the 

results in this chapter revealed similar viral replication kinetics in Caco-2, MA104 and A549 cells for 

both RRV and SA11 strains (Figure 3.11). The discrepancies in viral titres obtained could be due to 

the different MOI used for infection; MOI of 1 was used in these experiments whereas Ciarlet et al., 

used an MOI of 10 [210]. Other experimental conditions may also contribute to the differences 

observed; infection conducted by Ciarlet et al., proceeded for 18 to 24 hours, whereas the cells were 

infected for only 12 hours in our experiment. However, it is also important to note that the number of 

viruses added to the cells was proportional to the number of cells present in the plates; differentiated 

Caco-2 cells had the highest number of cells, whereas monolayers of A549 and MA104 cells resulted 

in a similar number of cells in the cell culture plate. Although the virus titres observed at 12hpi were 

similar in all three cell lines, the number of cells present may have affected the virus titres quantified.  

 

With the finding that SA11 replication levels were slightly lower in A549 cells at 4hpi compared to 

Caco-2 and MA104 cells, we investigated the effect of viperin over-expression on SA11 replication 

with the hypothesis that viperin expression would restrict viral replication. The co-localisation of 

viperin to lipid droplets led viperin to exert its antiviral effects on HCV replication complex, and thus 

production on virus progenies [193]. Through a similar mechanism, localisation of viperin and RV to 

lipid droplets imposes a possibility for viperin to inhibit virus replication at the site of viroplasms. 

However, transfected A549 cells infected with SA11 for 12 hours did not exhibit any change in the 

levels of replication as virus titres obtained were similar for all treatments (Figure 3.12). While the 

12 hour time-point was chosen based off the viral kinetics finding, where viral titre started to plateau 

after 12 hours (Figure 3.11), a full RV replication cycle is approximately 18 hours [219]. Therefore, 
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the result did not capture the effect of viperin on late-stage virus replication, such as viral release or 

cell-to-cell spread. In addition, an infection at MOI of 0.05 may also enhance the antiviral effects of 

viperin, thus, highlighting the efficacy of viperin as an inhibitor of RV replication. Factors, such as 

the number of transfected cells, may also mask the ability of viperin to affect viral replication. Due 

to the heterogeneous cell population used, only a proportion of the A549 cells was successfully 

transfected and able to exhibit the antiviral effect of viperin on viral replication. Thus the high number 

of untransfected cells may mask the expected antiviral effect of viperin on virus replication. Although 

successful transfection of A549 cells were confirmed, the level of viperin expression and the 

transfection rate for this specific experiment were not determined. Therefore, these factors may have 

an impact on the results obtained. Although our results show lack of inhibition exhibited by viperin 

over-expression, this was reliant on the analysis of virus titre at the indicated timepoint. However, a 

more comprehensive result could be obtained by determining the abundance of viral RNA as well as 

the localisation of viperin with viral proteins and/or viroplasms.  

 

Viperin can exert its antiviral activity through various mechanisms as discussed previously (Section 

3.1.3). However, a recent study showed that viperin requires the expression of cytidylate 

monophosphate kinase 2 (CMPK2), whose gene is located adjacent to that of viperin, to exert its 

antiviral effect through the production of ddhCTP [190]. ddhCTP is a known nucleotide analogue 

that can be incorporated into viral RNA during replication. Addition of this nucleotide analogue 

resulted in the inhibition of RNA extension, thus inhibiting virus replication, particularly the activity 

of Flavivirus polymerases [190]. The over-expression of viperin in this study indicated that the 

protein did not exhibit antiviral activity against RV (Figure 3.11). Although previous studies 

investigating the antiviral effects of viperin have not shown the necessity of CMPK2 co-expression, 

CMPK2 co-expression may be the mechanism whereby viperin can potentially inhibit RV replication. 

In this study, only a viperin-encoding plasmid was used. The over-expression of viperin in our A549 

cells may have been insufficient for viperin to produce the required ddhCTP. Thus, it cannot be 
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concluded that viperin does not have antiviral activity against RV. Instead, the effect of both viperin 

and CMPK on RV infection should be investigated. 
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CHAPTER 4: RV INFECTIVITY IN DIFFERENT CELL LINES 
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4.1. INTRODUCTION 

4.1.1.IFN Restriction On Virus Replication 

The antiviral effects of IFNs are well-known and have been discussed in Chapter 1 (Section 1.4). 

Briefly, activation of IFN signaling following virus infection can lead to the expression of a subset 

of IFN-stimulated genes (ISGs) in infected and/or neighbouring cells due to the autocrine and 

paracrine effects of the cytokine. Basal level expression of IFN is required for the maintenance of 

immune homeostasis, but more importantly for the robust and rapid activation of ISGs and IFNs in 

response to infection with a wide range of viruses [220-222]. 

 

The role of IFN in RV replication was first implicated following the detection of IFN-α in the blood 

samples of RV-infected children [223]. RV infection of intestinal epithelial cells in adult mice 

resulted in up-regulated transcription and secretion of IFN-β in the supernatant and small intestine 

[145]. The importance of IFN in controlling RV infection was further highlighted when exogenous 

IFN treatment of human intestinal enteroids (HIEs) resulted in reduced human RV replication in a 

dose-dependent manner [224]. This finding was corroborated more recently by a study that 

demonstrated exogenous IFN treatment of Caco-2 and primary intestinal organoids significantly 

inhibited virus replication [183]. The importance of IFN in controlling RV infection was revealed by 

a study that showed increased replication in suckling mice lacking IFN-I and IFN-II receptors [225, 

226]. Infection of mice lacking IFN-I and IFN-II receptors, as well as STAT knockout mice with 

RRV resulted in systemic spread of RRV beyond the intestine, indicating the importance of IFN in 

controlling infection in vivo [225]. The loss of IFN signaling through the absence of STATs resulted 

in greater virus shedding in adult mice compared to WT mice [148]. In addition, the use of cyclophilin 

A to facilitate the induction of IFN-β in MA104, Caco-2 and HEK293 cells resulted in decreased RV 

replication, whereas neutralisation of the cytokine using an antibody resulted in significant increase 

in RV titre [227]. This indicates that although IFN-β could not completely inhibit RV replication, it 
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is responsible in limiting the spread of the infection. These studies highlight the significant role of 

IFN in restricting virus replication and limiting spread of infection in hosts. 

 

Similar to other viruses, RV is sensitive to the actions of IFN-mediated antiviral effectors but different 

RV strains appear to differ in their sensitivity to IFN. While RRV and murine strains replicate to 

similar levels in IFN receptor-deficient and WT mouse embryonic fibroblasts (MEFs), the replication 

of simian SA11 along with bovine and porcine RV strains was restricted in WT MEFs [228]. These 

results suggest that the extent of RV replication in IFN-induced environment, or IFN sensitivity, 

differs between strains. Although RRV and SA11 are closely related, the results highlight a difference 

in the competency of the virus to evade host restriction. The establishment of productive RV 

replication is reliant on the efficacy of viral protein NSP1 in subverting host immune response. RV 

reassortants that possessed genes from RRV, with the exception of NSP1 that was derived from 

bovine UK strain, resulted in a robust IFN response in infected MEFs. However, a contrasting 

observation was observed when MEFs were infected with reassortants that had a majority of gene 

segments sourced from bovine UK strain and only RRV NSP1 gene [228]. This observation implies 

the importance of viral NSP1 in antagonising the host immune response, and indicates that its activity 

is highly strain-dependent in different experimental systems.  

 

4.1.2.RV Evasion From IFN-Mediated Antiviral Activities 

While IFN signaling is important to control virus infection in the host, most viruses have evolved 

mechanisms to antagonize the host IFN response. For RV, the evasion of the host IFN response relies 

mainly on NSP1. Various viral proteins, including NSP1 of RV, possess a cysteine-histidine-rich 

zinc-binding domains with an E3 ligase activity [165]. The presence of this zinc-binding domain on 

NSP1 is vital for its interaction with cellular host proteins, particularly IRF3, and mutations in the 

conserved residues resulted in abolished NSP1-IRF3 interaction [165]. The presence of this atypical 
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RING domain concluded that viral NSP1 acts as an E3 ubiquitin ligase, thus allowing it to target and 

degrade the host cellular proteins, such as IRF3 [165].  

 

A two-hybrid interaction screen using NSP1 as bait identified IRF3 as a potential NSP1-interacting 

partner [164]. The result of this interaction was subsequently highlighted in SA11-infected Caco-2 

cells, where IRF3 expression decreased during infection [167]. The inverse correlation found between 

viral protein and IRF3 highlighted an effective viral evasion mechanism. The finding was further 

validated in rhesus lung fibroblast cells that were transfected with a vector expressing luciferase under 

the control of IFN-β promoter. Infection of the cells with SA11 resulted in an absence of luciferase 

expression, indicating an inhibition mechanism that occurs to prevent activation of the IFN-β 

promoter. This was further translated to the lack of IRF3 nuclear translocation, causing the 

transcription factor to accumulate in host cytoplasm without inducing interaction with the promoter 

to induce IFN transcription. However, the inhibition of nuclear translocation of IRF3 imposed by the 

virus was abolished when cells were infected with an alternative SA11 strain that encoded for 

truncated NSP1 protein [167]. Co-transfection of IRF3 with viral NSP1 in 293T cells also resulted in 

a similar observation, where the presence of IRF3 protein was significantly reduced [167]. However, 

the degradation of IRF3 protein in RV-infected cells was restored to a similar level as mock-infected 

cells in the presence of a proteosomal inhibitor, suggesting that NSP1 targets IRF3 for degradation in 

a proteosomal-dependnet manner [167].  

 

The presence of viral NSP1 is also vital for the virus to cause degradation of IRF7. NSP1 acted as a 

selective advantage for virus replication, yielding a titre of 1-log higher than NSP1-deficient strains 

in infected Caco-2 cells [168]. The inability of NSP1-deficient RV to degrade IRFs, including IRF3 

and IRF7, allowed phosphorylated IRF to accumulate in the nucleus and thus, activate the synthesis 

of IFN production in infected cells [168]. The mechanism of IRF7 degradation was similar to that of 

IRF3, implied by the accumulation of IRF7 in the presence of the proteasome inhibitor, MG132. 



88 

 

Interestingly, the authors discovered that silencing the expression of either IRF7 or IRF3 with siRNA 

restored the ability of NSP1-deficient RV to replicate to titres comparable with WT virus [168]. The 

importance of NSP1 was further demonstrated by the knockdown of the viral protein with siRNA, 

resulting in decreased viral plaque size, consistent with a role of NSP1 in the spread of the virus [167]. 

Cumulatively, these results underscore the importance of NSP1 as an antagonist of IFN synthesis and 

thus a critical mediator in the spread of the virus infection to neighbouring cells.  

 

The existence of various RV strains that infect a variety of species can pose a selective advantage for 

specific strains, causing the mechanisms of viral immune evasion to be host-specific. This was 

supported by a study that found homologous RV infection was more virulent than those caused by 

heterologous RV strains [229]. The adaptation of a homologous strain to its specific host species 

allowed the virus to possess antagonistic actions that can target specific host factors, rendering it more 

capable in establishing productive infection in that particular host. However, two closely related 

strains can also manipulate the host immune response in different ways; RRV infection of HCA-7 

and HT29 cells resulted in slight increase in IFN-β expression whereas infection with SA11 lacked 

IFN-β induction [145]. Infection of Caco-2 cells with SA11 also failed to rapidly induce IFN 

production, with only 2-fold IFN up-regulation at 48 hours following infection [183]. The slight 

increase in IFN transcription, however, did not translate to an increase in ISGs response [183].  

 

Although the detection of RV in the respiratory secretions of children who had presented with 

diarrhoea was previously reported, the events of extra-intestinal RV infection is rare [230, 231]. This 

has resulted in limited to no studies being conducted in investigating RV replication in lung-derived 

cells, such as A549. The results presented in the previous chapter revealed that RV was able to infect 

A549 cells. However, the low occurrence of RV infection in the lungs of infected children may be 

due to the non-optimal environment for the establishment of RV infection, including antiviral 

activities of IFN. Therefore, the effect of exogenous IFN along with the host response to infection 
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were investigated to determine the ability of RV to establish extra-intestinal infection in lung-derived 

cells as well the role of IFN in restricting extra-intestinal infection.   

 

4.2. RESULTS 

4.2.1.Rotavirus-Permissive Cell Lines Are Responsive To Exogenous IFN 

The expression of genes that are under the transcriptional control of IFN-mediated signaling 

establishes an antiviral state that can limit virus replication within a cell. These IFN effectors (ISGs) 

are known to act at a number of critical steps in the replication process. Prior to investigating the 

effect of exogenous IFN on RV replication in different cell lines, the ability of each cell to respond 

to exogenous IFN was first determined to confirm that the cells possessed functional IFN receptors 

and downstream signaling machinery. Therefore, Caco-2, A549 and MA104 cells were treated with 

IFN-α2a (Roferon-A, Roche) for either 24 or 48 hours following which, the transcription of a subset 

of ISGs was measured using qPCR.  

 

All cell lines were able to induce transcription of various ISGs (Figure 4.1). Treatment of MA104 

cells resulted in the up-regulation of most ISGs, with the exception of ISG20 that was only slightly 

up-regulated relative to the mock-infected cells (Figure 4.1). The RNA levels of MxA and IFIT1 were 

similar, reaching 30-fold higher than mock-infected cells. This was followed by ISG15, with mRNA 

level that reached 20-fold, and Viperin that reached 10-fold. IFITM3 and IFI27 were induced to a 

maximum of 5-fold higher than mock-infected cells.  

 

A different transcriptional profile was observed with treated Caco-2 cells, where viperin mRNA was 

was induced 300-fold higher in IFN-treated cells (Figure 4.1). This was followed by the level of IFI27 

that reached 100-fold. Transcriptional up-regulation of MxA, IFITM3, ISG15 and IFIT1 were similar, 

reaching between 20- to 40-fold. Similar to MA104 cells, the level of ISG20 was induced the least, 

reaching 4-fold relative to the mock-infected control.  
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IFN treatment of A549 cells resulted in a unique transcriptional profile of ISGs. MxA was induced 

the highest in A549 cells, with RNA level reaching 200-fold (Figure 4.1). This was followed by the 

up-regulation of viperin, IFI27, ISG15 and IFIT1, reaching 100-fold higher relative to mock-infected 

control. IFITM3 and ISG20 was induced to similar levels, reaching 6-fold higher. For the three cell 

lines tested, the duration of IFN treatment did not result in a significant differences in the level of nay 

ISG mRNA.  

 

Figure 4. 1: IFN treatment up-regulated ISGs transcription in RV-permissive cell lines. 

Cells were treated with 1,000 IU/ml of IFN for either 24 or 48 hours. Levels of mRNA were quantified and 

normalized to GAPDH as internal control. The results shown are representative of three independent 

experiments. Data are mean ± SEM. 

 

MA104 Caco-2 

A549 
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4.2.2.IFN-Mediated Restriction On RV Replication  

Previous studies into the sensitivity of RV to IFN were conducted in either mice or highly permissible 

cells, such as MA104, Caco-2 and HT29. Although A549 cells are permissive to RV infection albeit 

at a lower level than the above mentioned cell lines [210], the efficacy of exogenous IFN treatment 

in restricting virus replication has not been reported in A549 cells. To measure the inhibition of viral 

infection caused by exogenous IFN, particularly in A549 cells, cells were infected by RV after 

incubation in medium containing type I IFN to activate an antiviral state prior to infection.  

 

The verification that all three cell lines were able to respond to exogenous IFNs by up-regulating 

transcription of ISGs confirmed that IFN treatment was able to induce antiviral environment in cells. 

Therefore, the effect of exogenous IFN on RV replication was investigated. Due to the lack of 

difference in ISGs mRNA levels in response to either 24 hours or 48 hours IFN treatment, only the 

shorter period was included in this experiment. To investigate the cumulative effect of IFN on 

multiple rounds of RV infection, infection was conducted initially at a low MOI of 0.05. Virus titres, 

and relative burst size of virus during each infection were measured at 24 hour intervals. 

 

Infection for 24 hours in MA104 and Caco-2 cells resulted in virus yield of 5x107 ffu/ml which 

decreased to 2x107 ffu/ml when cells were pre-treated with IFN (Figure 4.2). Virus replication peaked 

at 48hpi in Caco-2 cells, reaching 6x107 ffu/ml. In contrast, IFN-treated cells yielded a virus titre of 

approximately 3.5x107 ffu/ml. As infection progressed, the virus yield decreased to 3x107 ffu/ml in 

non-treated MA104 and Caco-2 cells, and 1.5x107 ffu/ml and 2x107 ffu/ml in treated MA104 and 

Caco-2 cells respectively (Figure 4.2). In comparison, IFN-treated A549 cells restricted virus 

replication at 24hpi, reducing virus yield from 5x106 ffu/ml to 2x106 ffu/ml. The virus titres obtained 

from infected A549 cells remained similar throughout the time observed (Figure 4.2). 
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The relative burst size of the virus differed between Caco-2 and MA104 cells (Figure 4.2). Production 

of virus in non-treated MA104 cells ranged from 80 virus particle/cell at 24hpi to 57 virus particle/cell 

at 96hpi (Figure 4.2). In contrast, IFN treatment inhibited virus production from 60 virus particle/cell 

at 24hpi to 30 virus particle/cell at 96hpi. By comparison, Caco-2 cells had lower virus production 

per cell: the virus particle per cell produced in non-treated cells at 24hpi was only 27 virus 

particle/cell, peaked at 48hpi with 32 virus particle/cell and decreased to 13 virus particle/cell at 96hpi 

(Figure 4.2). IFN pre-treatment of Caco-2 cells resulted in slight restriction of virus production per 

cell, with each cell only producing 15 virus particles at 24hpi. Only a slight increase was observed at 

48hpi, with 18 virus particles being produced in each cell, which decreased to 10 virus particle/cell 

at 96hpi (Figure 4.2).  

 

Similar to the previous experiment, individual A549 cells produced the least number of virus 

particles, with a maximum mean yield of 8 virus particle being produced in each non-treated cells at 

24hpi (Figure 4.2). The number of virus particles produced in IFN-treated cells were lower, only 

reaching a maximum of 3 virus particles/cell (Figure 4.2). These results suggest that the IFN-mediated 

restriction was more pronounced in A549 cells rendering cells less permissive to RRV replication 

compared to Caco-2 and MA104 cells. Furthermore, the lower virus yields in IFN-treated cells 

observed in all three cell lines further confirmed an inhibitory effect of IFN on virus replication. 
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Figure 4. 2: IFN treatment restricts RRV replication in mammalian cells at MOI of 0.05. 

Cells were incubated with 1,000 IU/mL of IFN for 24 hours prior to infection with RRV (MOI = 0.05). The 

total yield of virus (ffu/ml) from each cell line was measured at various timepoints (left column) and 

expressed as ffu/cell (right column). The results shown were representative of three separate experiments. 

Data are mean ± SEM. ANOVA statistical analysis: (*) = p<0.05, (**) = p<0.005, (***) = p<0.0005 

 

MA104 – total virus titre 

Caco-2 – total virus titre 

A549 – total virus titre 

MA104 – burst size 

Caco-2 – burst size 

A549 – burst size 
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To verify this result a higher MOI of 1 was used to determine the efficacy of exogenous IFN in 

controlling virus replication. Virus infection at MOI of 1 was led to proceed for either 12hpi, or 24hpi. 

These two end-points were included to investigate if duration of infection would have an impact on 

the IFN-induced antiviral activity. 

 

Non-treated MA104 cells infected with RRV resulted in high virus titre, reaching a total average of 

8.6x107 ffu/ml, and a burst size of 99.45 ffu/cell at 12hpi. The virus titre increased to 1.14x108 ffu/ml, 

however the burst size was reduced to 97.43 ffu/cell at 24hpi (Figure 4.3). IFN pre-treatment for 24 

hours resulted in restricted virus replication at 12hpi, reaching 6.06x107 ffu/ml. The restriction was 

more pronounced after 24 hours, indicated by a lower virus titre of 5.06x107 ffu/ml. These values 

correspond to 57.07 ffu/cell and 46.81 ffu/cell at 12hpi and 24hpi respectively. The virus titres 

obtained from MA104 cells that were treated with IFN for 48 hours did not differ significantly from 

those obtained with 24 hours pre-treatment. A reduction was observed at 12hpi, with a virus titre of 

3.96x107 ffu/ml that corresponds to 40.22 ffu/cell, and this increased to 5.53x107 ffu/ml or 42.09 

ffu/cell when infection progressed for 24 hpi (Figure 4.3). However, statistical analysis showed no 

significant differences between 24 hours and 48 hours pre-treatment, with a p-value of greater than 

0.05.   

 

A reduction in virus titre was also observed in IFN-treated Caco-2 cells. Treatment of Caco-2 cells 

for 24 hours led to a reduction in virus titre from 1.14x108 ffu/ml to 5.24x107 ffu/ml at 12hpi (Figure 

4.3). This corresponds to a reduction from 67.83 ffu/cell to 27.03 ffu/cell. Increasing the duration of 

IFN treatment to 48 hours only had a slight effect on the yield of virus, reducing the titre to 4.46x107 

ffu/ml or 25.13 ffu/cell (Figure 4.3). Viral replication that progressed for 24hpi resulted in slightly 

higher virus titre compared to 12hpi. Differentiated Caco-2 cells that did not receive any treatment 

produced 2.47x108 ffu/ml of RRV at 24hpi. In contrast, cells receiving treatment for 24 hours and 48 
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hours restricted virus replication to 1.24x108 ffu/ml and 9.88x107 ffu/ml respectively (Figure 4.3). 

These values correspond to a burst size of 127.56 ffu/cell in non-treated Caco-2 cells, 68.14 ffu/cell 

in cells treated with IFN for 24 hours and 50.57 ffu/cell in cells receiving IFN treatment 48 hours 

prior to infection (Figure 4.3).  

 

Exogenous IFN-mediated inhibition was again observed with treated A549 cells. Cells that were 

infected for 12 hours resulted in 1.03x108 ffu/ml of RRV (Figure 4.3). Interestingly, non-treated A549 

cells yielded an average burst size of 81.47 ffu/cell at 12hpi. IFN pre-treatment of the cells resulted 

in reduced virus titre, with 5.07x107 ffu/ml and 4.22x107 ffu/ml of RRV with 24 hours and 48 hours 

IFN treatment respectively. The burst size was also reduced to 28.77 ffu/cell with 24 hours IFN pre-

treatment and slightly increased to 24.76 ffu/cell with 48 hours pre-treatment. The restriction on virus 

replication posed by IFN treatment remained when infection progressed for 24hpi. The 1.33x108 

ffu/ml of virus obtained from non-treated cells was reduced to 3.82x107 ffu/ml with 24 hours IFN 

pre-treatment. However, the average virus titre obtained increased to 5.2x107 ffu/ml with 48 hours 

pre-treatment. These values correspond to a burst size of 84.97 ffu/cell in non-treated A549 cells, that 

decreased to 35.93 ffu/cell in cells receiving 24 hours IFN treatment. The burst size was smaller at 

24hpi when cells received 48 hours IFN treatment, at 33.40 ffu/cell (Figure 4.3). Although total virus 

titres were similar between Caco-2 and A549 cells, infected A549 cells resulted in bigger reduction 

in burst size. 

 

In summary, the results obtained suggest that IFN pre-treatment was able to restrict RRV replication, 

reducing both the total virus titre as well as the relative burst size, by at least 2-fold. 
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Figure 4. 3: Exogenous IFN restricts RRV replication in mammalian cell lines at MOI of 1. 

Cells were incubated with 1,000 IU/mL of IFN for either 24 or 48 hours prior to infection with RRV (MOI = 

1). The total yield of virus (ffu/ml) from each cell line was measured at 12 and 24hpi (left column) and 

expressed as ffu/cell (right column). The results shown were representative of three separate experiments. Data 

are mean ± SEM. ANOVA statistical analysis was conducted, and (*) is p = <0.05 

MA104 – total virus titre  

Caco-2 – total virus titre 

A549 – total virus titre 

MA104 – burst size 

Caco-2 burst size 

A549 – burst size 
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4.2.3.Inhibition Of SA11 Replication By IFN 

Treatment of cells with exogenous IFN resulted in restricted RRV replication at MOI of 0.05 and 1, 

with a larger extent of restriction when cells were infected with RRV at MOI of 1. To ensure that the 

IFN activity is applicable to other RV strains the effect of IFN on SA11-infected cells was determined. 

As with RRV, cells were treated with IFN for either 24 hours or 48 hours. Due to the lack of 

significant differences observed in RRV titres at 12hpi and 24hpi, infection with SA11 only 

proceeded for 24hpi to ensure that all virus particles were able to reach one full replication. Titres of 

SA11 and its burst size was measured at 24hpi. 

 

Caco-2 cells were highly permissive for SA11 replication, with virus titres of 5.34x107 ffu.ml at 

24hpi. which decreased to 2.95x107 ffu/ml and 2.43x107ffu/ml with 24 and 48 hours IFN pre-

treatment respectively (Figure 4.4). Calculation of the burst size showed 16.67 ffu/cell and 12.17 

ffu/cell in cells receiving IFN treatment for 24 and 48 hours respectively. This was significantly lower 

compared to the burst size of 30.5 ffu/cell in the absence of IFN (Figure 4.4).  

 

A549 cells appeared to be less permissive for SA11 replication as compared to Caco-2 cells. 

Monolayers of A549 cells that were infected with SA11 for 24hpi resulted in a total virus titre of 

1.12x107 ffu/ml (Figure 4.4). However, 24 hours of IFN treatment was able to restrict virus 

replication. Exogenous IFN resulted in 1-log reduction in virus yield at 1.0x106 ffu/ml. The virus titre 

obtained with 48 hours IFN treatment was not significantly different to the titre obtained with 24 

hours treatment, with the cells receiving 48 hours of IFN treatment reducing the virus titre to 1.21x106 

ffu/ml (Figure 4.4). The results obtained were used to calculate viral burst size, where exogenous IFN 

restricted production of virus from 11.6 virus particle/cell in non-treated cells to 1 virus particle per 

IFN-treated cell (Figure 4.4). 
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The reduction in virus titres observed in the presence of exogenous IFN implies that IFN pre-

treatment was effective in stimulating an antiviral environment, thus restricting virus replication.  

Figure 4. 4: IFN treatment significantly inhibits SA11 replication. 

Cells were incubated with 1,000 IU/mL of IFN for either 24 or 48 hours followed by infection with SA11 

(MOI = 1). The total yield of virus (ffu/ml) from each cell line was measured at 24hpi (left column) and 

expressed as ffu/cell (right column). The results shown is representative of three independent experiments. 

Data are mean ± SEM. (*) p = <0.05, (**) p = <0.005 

  

Caco-2 – total virus titre 

A549 – total virus titre 

Caco-2 – burst size 

A549 – burst size 



99 

 

4.2.4.RV-Mediated IFN Response In Human Epithelial Cells 

 

In view of the known antagonistic activity of RV, the restriction of  RV replication observed in the 

above experiments led to a hypothesis that the virus was unable to completely evade the antiviral 

environment induced by exogenous IFN. The ability of RV to antagonise and interfere with host 

response to infection has been previously reported in Caco-2 cells, where infected cells lacked robust 

IFNs and ISGs up-regulation in response to infection [183, 232]. Therefore, the following experiment 

was designed to investigate and determine the differences in the IFN response between two human 

cell lines permissive to infection. IFN-I and IFN-III have been implicated in protecting epithelial cells 

from infection [154, 183, 224]. Therefore, the transcriptional up-regulation of IFN-I (IFN-α, IFN-β) 

and IFN-III (IL28 to represent IFN-λ2, and IL29 to represent IFN-λ1) was measured. 

 

RRV and SA11 infection of Caco-2 cells resulted in slight increase in IFNs RNA levels, with the 

exception of IFN-α (Figure 4.5). The level of IFN-α was approximately 0.35-fold and 0.15-fold lower 

relative to GAPDH when infected with SA11 and RRV respectively. IFN-β expression remained at 

comparable levels between unstimulated and infected Caco-2 cells, indicating a lack in IFN-β 

transcription. Whilst SA11 infection of Caco-2 cells induced 4-fold up-regulation of IL28 

transcription, RRV infection only induced a slight up-regulation of IL28 transcription, reaching 

approximately 1.7-fold higher than unstimulated cells. In contrast, SA11-infected Caco-2 cells 

resulted in robust IL29 transcriptional up-regulation, approximately 19-fold higher, whereas RRV 

infection resulted in 12-fold up-regulation relative to mock-infected cells (Figure 4.5). 

 

In contrast to the results with RV infection, transfection of Caco-2 cells with polyI:C successfully 

activated transcription of all IFNs, with IL29 being the most up-regulated at over 600-fold higher, 

and IFN-α being the least up-regulated at 7-fold higher than unstimulated cells (Figure 4.5). Taken 

together, these results suggest that Caco-2 cells can up-regulate IFN mRNA in response to dsRNA. 
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The marked reduction of IFN mRNA synthesis in virus-infected cells is consistent with virus 

antagonism of IFN synthesis in Caco-2 cells due to the expression of NSP1 [167, 168]. 

 

By contrast, infection of A549 cells resulted in markedly greater induction of IFN-β, up to 

approximately 200-fold higher than the level in mock-infected control, albeit significantly lower than 

the level produced in response to transfection (Figure 4.5). However, the result obtained showed that 

infection with RV did not up-regulate transcription of IFN-α (Figure 4.5). Levels of IL29 and IL28 

RNA expression were higher in infected A549 cells as compared to infected Caco-2 cells. Infection 

with both RV strains increased level of IL29 RNA to 3-log higher, whereas level of IL28 was reaching 

4-log higher relative to the negative control. However, in contrast to Caco-2 cells where IL29 and 

IL28 RNA expression was increased the most, RV infection in A549 cells resulted in robust up-

regulation in the levels of IFN-β, IL29 and IL28 (Figure 4.5).  

 

These results demonstrate that in cells derived from a single host species, the ability of RV to inhibit 

production of certain IFN subtypes, such as IFN-β and IL29, is dependent on the cell type. However, 

in these experiments, it was clear that levels of IFN-α was not increased in either cell line while 

induction of IL28 was higher in A549 cells than in Caco-2 cells.  
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Figure 4. 5: A549 cells transcribe IFNs in response to infection. 

Cells were transfected with PolyI:C, infected with RRV or SA11 (MOI = 1) or left untreated. 24 hours post-

treatment, total RNA was reverse transcribed into cDNA, and levels were quantified by qPCR and normalised 

to internal levels of GAPDH. The level of RNA is presented as fold difference relative to non-stimulated or 

negative control cells. The result shown is representative of three independent experiments. Data are mean ± 

SEM. (*) = p <0.05 for ANOVA analysis. 

 

 

4.2.5.IFNs Response Translates To ISGs Production In RV-Infected Cells 

RV is known to adapt multiple mechanisms to antagonise host immune response. This includes 

interfering with IFN production by inducing IRF degradation [167, 168] or obstruction in IFN 

signaling by interaction or degradation of STATs [166]. Although the levels of IFN-III and IFN-β in 

A549 cells were approximately 2-logs greater than the corresponding levels measured in Caco-2 cells, 

the various viral evasion mechanisms may inhibit the subsequent transcription of ISGs following the 

IFN-α IFN-β 

IL28 IL29 
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signaling activation downstream of the IFN receptor. Therefore, in order to determine increased 

transcription of IFN was translated into an antiviral environment in A549 cells, the levels of various 

ISGs mRNA were quantified.  

 

While transcription of IL28 and IL29 were slightly increased in infected Caco-2 cells, with a 

maximum increase of less than 20-fold relative to mock-infected control, this did not translate to 

increase ISGs production. None of the tested ISGs were up-regulated in response to RRV infection, 

with the exception of viperin that increased 2-fold in RRV-infected Caco-2 cells (Figure 4.6). SA11 

infection of Caco-2 cells resulted in a slightly higher viperin level, at 6-fold higher than mock-infected 

control. ISG15 was also up-regulated to a similar level in SA11-infected Caco-2 cells. By contrast, 

levels of IFITM3 mRNA appear to be decreased after infection by approximately 5-fold relative to 

the mock-infected control. Other ISGs remained at basal levels in both RRV- and SA11-infected 

Caco-2 cells (Figure 4.6). To demonstrate that the cells maintained a functional IFN response and the 

ability to use secreted IFN in an autocrine manner, Caco-2 cells transfected with polyI:C exhibited a 

large induction in expression of all ISGs measured. Viperin mRNA levels were increased by the 

largest quantitative amount by up to 3-logs. This was followed by up-regulation of MxA, IFIT1, 

ISG15 and IFI27, between 100-fold to 500-fold up-regulation. IFITM3 and ISG20 expressions were 

the least, with around 15-fold and 25-fold up-regulation, respectively (Figure 4.6). This highlights 

the cells’ ability to up-regulate ISGs in respond to dsRNA analogue and its lack of response to RV 

infection.  

 

In contrast to the results obtained in Caco-2 cells, RV infection of A549 cells resulted in large 

increases in the levels of most ISGs that were quantitatively similar to the increase observed with 

polyI:C (Figure 4.6). Viperin expression was again induced the highest in RRV-infected cells, 

reaching 500-fold higher than mock-infected cells. MxA, IFI27, ISG15 and IFIT1 were increased to 
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a similar level of between 100-fold to 200-fold up-regulation in infected A549 cells, followed by 

ISG20 that was increased to 40-fold (Figure 4.6). Interestingly, MxA was induced the highest in 

SA11-infected A549 cells, at approximately 500-fold, followed by viperin at 200-fold. IFI27 and 

IFIT1 were induced to similar levels, reaching between 50-fold to 100-fold higher than in mock-

infected cells. Transcription of IFITM3 was the least up-regulated in RV-infected cells, reaching 

between 3-fold relative to mock-infected control. Transcription of ISG15 and ISG20 were restricted 

in SA11-infected A549 cells, reaching between 10- to 20-fold higher. In contrast, polyI:C transfection 

of A549 cells resulted in over 100-fold increase in ISG15 and ISG20 RNA level. Similarly, 

transfection resulted in 1000-fold up-regulation in viperin transcription. Transcriptional up-regulation 

of MxA, IFI27, ISG15 and IFIT1 was between 80-fold to 300-fold higher in polyI:C-transfected cells, 

while IFITM3 remained the least induced at 12-fold relative to mock-infected control.  

  

Collectively, these experiments indicate that both cell types retain a comparable ability to up-regulate 

transcription of a subset of key ISGs in response to dsRNA, but only A549 cells can reproduce this 

response during infection of RV. By contrast, Caco-2 cells failed to induce transcription of ISGs, 

mirroring their failure to express IFNs during infection.   
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Figure 4. 6: IFNs response translates to ISGs production. 

Caco-2 and A549 cells were transfected with polyI:C or infected with RRV or SA11 (MOI = 1). Total RNA 

levels for different ISGs was quantified by qPCR at 24 hours post-treatment, and normalised to internal levels 

of GAPDH. The level of RNA is presented as fold difference relative to unstimulated cells. The result shown 

is representative of three biological replicates. Data are mean ± SEM. (*) = p <0.05. 

 

4.2.6.NSP1 Is Expressed In Infected Cells 

RV immune evasion relies on the expression of viral NSP1. The E3 ubiquitin ligase activity of viral 

NSP1 is known to lead to the degradation of IRF3 among other host factors to prevent IFN production. 

The IFNs and ISGs up-regulation observed in A549 cells but not Caco-2 cells prompted investigation 

of NSP1 expression to determine whether the viral protein differed in its level of expression between 

the two cell lines therefore leading to a difference in the ability to antagonize IFN synthesis. The 
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IFI27 ISG15 IFIT1 

ISG20 
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antagonistic actions of viral NSP1 have previously been recorded in intestinal epithelial cells [167, 

168, 182], however not in A549 cells.  

 

Infection of Caco-2 cells with SA11 resulted in a robust viral NSP1 expression that was detected as 

early as 6hpi (Figure 4.7). The expression was maintained throughout the infection period. Similarly 

in A549 cells, NSP1 expression was also detected at 6hpi and was constantly expressed until 24hpi 

(Figure 4.7). The similar NSP1 expression detected in both cell lines indicates that the ability of A549 

cells to induce IFN transcription was not likely due to the absence of viral NSP1.  

 

 

Figure 4. 7: SA11-infected cells express NSP1 as early as 6hpi. 

Caco-2 and A549 cells were mock-infected or infected with SA11 at MOI of 1. Expression of viral NSP1 was 

analysed at various timepoints through western blot (Section 2.2.8.5). Actin was used as a loading control. The 

blot was imaged using Amersham Imager 600. The result is representative of at least three independent repeats.  
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4.2.7.RV Results In Reduced IRF3 Expression 

The strong viral NSP1 expression in SA11-infected A549 and Caco-2 cells suggests that there may 

be a difference in virus-host interaction that resulted in IFN production in A549 cells but was lacking 

in Caco-2 cells. IFN can be produced through an IRF3-dependent or NFkB-dependent pathway 

(Figure 1.1). However, NSP1 derived from simian RRV and SA11 strains are known to cause 

degradation IRF3 but not β-TrCP or IkBα [167, 168]. The ability of A549 cells to induce transcription 

of IFNs and ISGs in the presence of NSP1 either indicates that viral NSP1 was ineffective in 

degrading IRF3 or that A549 cells were relying on an alternative mechanism to induce transcription. 

Therefore, only IRF3 expression was subsequently investigated. To determine if IRF3 expression was 

affecting the production of IFNs in infected cells, infection was conducted at MOI of 1 and NSP1 

expression was determined at various timepoints. 

 

Degradation of IRF3 occurred in both Caco-2 and A549 cells at similar rates (Figure 4.8). Infection 

with RRV for 6 hours resulted lower IRF3 expression in both cell lines. Whilst infection with SA11 

also resulted in a reduction of IRF3, the reduction was less evident (Figure 4.8). Similar to the 

observation with RRV, lower expression of IRF3 was observed by 6hpi, albeit expression remained 

higher than in RRV-infected cells.  
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Figure 4. 8: RV infection degrades IRF3. 

Caco-2 and A549 cells were mock-infected or infected with either RRV or SA11 (MOI = 1). Cells were 

analysed for IRF3 expression by western blot at various timepoints. Tubulin was used as a loading control. 

The blot was imaged using Amersham Imager 600. The result is representative of at least three independent 

experimental repeats.  

 

4.2.8.IRF3 Restoration With MG132 Treatment 

The mechanism whereby viral NSP1 affects IRF3 expression varies. RV can either induce 

degradation of host IRF3 or prevent its nuclear accumulation [167, 233, 234]. RV-mediated IRF3 

degradation in MA104 and Caco-2 cells have been reported to be proteasome-dependent [167]. 

Therefore, the subsequent experiment was conducted to verify that IRF3 degradation in A549 cells 

occurred in a similar manner, through a proteasome-dependent mechanism. The addition of a 

proteasome inhibitor, MG132, was predicted to restore IRF3 expression in both A549 and Caco-2 

cells. Therefore, to proceed with the investigation, A549 and Caco-2 cells were infected with either 

RRV or SA11 at MOI of 1 and the expression of host IRF3 was determined at various timepoints.  
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IRF3 degradation in DMSO-treated cells occurred as early as 6hpi regardless of the host cell lines, 

indicating the high level of degradation induced by RRV infection (Figure 4.9A). Although a clear 

inhibition in IRF3 degradation was observed in cells treated with MG132, degradation of IRF3 

occurred at a slower rate. Densitometry analysis of IRF3 expression in infected cells relative to mock-

infected cells were carried out from three biological replicates. The analysis confirmed the 90% 

degradation in Caco-2 cells that occurred as early as 6hpi, and the level remained consistent at 10% 

relative to mock-infected cells, throughout the rest of the infection period (Figure 4.9). MG132 

treatment resulted in slight restoration in IRF3 expression. The protein expression at 6hpi was 70.8% 

of the mock-infected cells. This further decreased to 35% at 12hpi and 24hpi, implying restricted but 

incomplete inhibition in IRF3 degradation. 

 

Unlike in Caco-2 cells, RRV-mediated degradation in A549 cells occurred more gradually (Figure 

4.9A). IRF3 expression in infected cells was reduced to 32% relative to mock-infected cells at at 

12hpi and further decreased to only 2% by 24hpi (Figure 4.9). In contrast, IRF3 expression in MG132-

treated A549 cells was slightly higher compared to those in DMSO-treated cells. IRF3 expression in 

MG132-treated A549 cells were 67% and 59% at 6hpi and 12hpi respectively. The down-regulation 

in IRF3 expression was observed at 24hpi, with only 19% IRF3 expression in MG132-treated cells, 

as opposed to the 2% expression in DMSO-treated cells.  
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Figure 4. 9: MG132 treatment partially restores levels of IRF3 in RRV-infected cells. 

Monolayers of A549 and differentiated Caco-2 cells were infected ith RRV at MOI of 1. Infected cells were 

treated with either MG132 or DMSO at 1 hour post-adsorption and infection carried out for 24 hours before 

IRF3 expression was analysed by (A) Western blot. Densitometry analysis of IRF3 expression in Caco-2 and 

A549 cells was also included. A representative experiment from 3 repeat is presented. Data are mean ± SEM. 

An ANOVA analysis was conducted on the densitometry analysis.  (*) = p <0.05. 

 

A similar trend in IRF3 degradation was observed in SA11-infected cells. MG132-treated cells 

showed recovery of IRF3 expression over time in both A549 and Caco-2 cells (Figure 4.10A). The 

densitometry analysis of protein expression showed 40% IRF3 expression in DMSO-treated Caco-2 

cells at 6hpi, suggesting significant IRF3 degradation in the infected cells (Figure 4.10B). The level 

of expression in DMSO-treated cells remained similar throughout all timepoints, with the average 

expression ranging from 45% at 12hpi to 51% at 24hpi. In contrast, MG132 treatment resulted in 

A 
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accumulation of IRF3 in infected cells from 6hpi, with 20% more expression than in mock-infected 

cells (Figure 4.10). The level of IRF3 expression and accumulation in infected cells remained at a 

similar level until 24hpi.  

 

Western blot analysis showed a reduction in IRF3 expression in DMSO-treated A549 cells (Figure 

4.10A). The reduction was observed as early as 6hpi and gradually decreased until 24hpi. Although 

the densitometry analysis revealed no significant difference in the level of IRF3 expression between 

DMSO- and MG132-treated cells (Figure 4.10), the western blot showed restored IRF3 expression in 

the presence of MG132. Although MG132 treatment led to accumulation of IRF3 at 6hpi, the 

expression slightly decreased at 12hpi, with 80% IRF3 expression. This was further decreased to 66% 

at 24hpi, while in DMSO-treated cells was only expressing 27% of IRF3 relative to mock-infected 

cells. 

 

Collectively, these results highlight that SA11- and RRV-mediated IRF3 degradation occurred 

through the proteasome that can be inhibited by MG132 treatment. This also highlights the 

evolutionary conserved ability of the virus to antagonise IRF3 expression regardless of the cell type.  
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Figure 4. 10: SA11-mediated IRF3 degradation was inhibited in the presence of MG132 in Caco-2 

cells. 

A549 and Caco-2 cells were infected with SA11 at MOI of 1. Following 1 hour viral adsorption period, the 

monolayers either received MG132 or DMSO treatments. Infection was left to proceed for 24 hours. IRF3 

expression was analysed through (A) western blot, and the levels of expression in (B) Caco-2 and (C) A549 

were quantified. The result is representative of three biological replicates. Data are mean ± SEM. An 

ANOVA analysis was conducted on the densitometry analysis. (*) = p <0.05. 

 

  

A549 Caco-2 
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4.2.9.MG132 Treatment Affects IFN Transcription In Infected A549 And Caco-2 

Cells 

The delay in IRF3 degradation in MG132-treated cells prompted the possibility of restoration in IFN 

production in the presence of MG132. Delayed IRF3 degradation suggests the possibility of sufficient 

IRF3 expression to induce IFN transcription. Therefore, to investigate the effect of delayed IRF3 

degradation by MG132 on IFN transcription, cells were infected with RRV or SA11 in the presence 

of MG132 or DMSO. Total RNA was extracted to determine the RNA levels of IFN-I and IFN-III. 

This was aimed to address the possibility of the virus to inhibit multiple immune pathways following 

the inhibition of NSP1-mediated IRF3 degradation.  

 

MG132 treatment did not fully restore IFN-I production in RRV-infected Caco-2 cells (Figure 4.11). 

However, RRV-infected Caco-2 cells that received MG132 treatment significantly up-regulated 

transcription of IL29 at 12hpi. While the mRNA level of IL29 was 15-fold in the DMSO control cells 

at 24hpi was increased to 20-fold in the presence of MG132. The mRNA level of IFN-α, IFN-β and 

IL28 did not differ significantly between DMSO- and MG132-treated Caco-2 cells. In contrast, the 

presence of MG132 did not affect any IFN mRNA levels in RRV-infected A549 cells.  

 

In contrast to the observation with RRV infection, MG132-treated Caco-2 cells that were infected 

with SA11 did not restore IFN production (Figure 4.11). Caco-2 cells remained unable to induce IFNs 

expression to similar extent as A549 cells. In contrast, MG132-treated A549 cells significantly 

reduced the mRNA level of IL28. A549 cells receiving MG132 treatment expressed 1-log less mRNA 

than its DMSO-counterpart at 12hpi (Figure 4.11).  

 

Collectively, these results suggest that MG132-treatment did not restore the cell’s ability to induce 

IFN-I transcription.
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Figure 4. 11: MG132 treatment affects IFN transcription in infected cells 

A549 and Caco-2 cells were infected with either RRV or SA11 (MOI = 1). Subsequent to the virus adsorption step, cells were cultured in the presence of MG132, a 

proteasome inhibitor, or DMSO as control cells. The total RNA extracted from samples were used to analyse and quantify the transcriptional induction of IFN-I and 

IFN-III using the the 2-ΔΔCT method. Results are representative of three independent experiments. ANOVA statistical analysis was conducted. Data are mean ± SEM. 

(*) = p <0.05. 

IFN-α  IFN-β  IL28  IL29  

RRV 

SA11 
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4.2.10. ISGs Production With MG132 Treatment 

Although MG132 treatment did not restore IFN transcription in Caco-2 cells, transcription of IFN-

 and IL28 in SA11-infected A549 cells were affected. This indicates that the subsequent ISGs 

activation pathway may also be affected. To further investigate the effect of the treatment on cell 

immune response, the levels of various ISGs were determined. 

 

MG132 treatment of RRV-infected Caco-2 cells did not result in increased mRNA expression of ISGs 

(Figure 4.12). Similarly, SA11 infection of Caco-2 cells resulted in similar ISGs expression, 

regardless of MG132 treatment, with the exception of ISG20 (Figure 4.12). MG132 treatment resulted 

in the induction of ISG20 in SA11-infected cells, with 10-fold induction relative to mock-infected 

cells at 12hpi and 24hpi, as opposed to the absence of induction in DMSO-treated cells (Figure 4.12).  

 

MG132 treatment of RRV-infected A549 cells did not affect ISGs expressions (Figure 4.12). This 

mirrors the lack of impact of treatment on IFNs production. In contrast, infection of SA11 in the 

presence of MG132 resulted in inhibited ISGs production. MxA expression was inhibited by 1-log in 

the presence of MG132, with the mRNA level reaching 100-fold, as opposed to the 1,000-fold 

induction in the absence of MG132 at 12hpi (Figure 4.12). The levels of ISG15 and IFIT1 were higher 

in the absence of MG132, reaching 100-fold relative to mock-infected cells. In contrast, the presence 

of MG132 restricted RNA replication by 10-fold, decreasing it to 10-fold relative to mock-infected 

cells at 24hpi (Figure 4.12). 

 

Collectively, these results suggest that MG132 treatment did not result in restored ISGs up-regulation 

in infected Caco-2 cells, however resulted in decreased ISGs for SA11-infected A549 cells.
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Figure 4. 12: MG132 treatment does not increase ISGs mRNA expression in Caco-2 cells 

A549 and Caco-2 cells were infected with either RRV or SA11 (MOI = 1). Subsequent to the virus adsorption step, cells were cultured in the presence of MG132, a 

proteasome inhibitor, or DMSO as control cells. The total RNA extracted from samples were used to analyse and quantify the mRNA levels of various ISGs using 

the the 2-ΔΔCT method. Results are representative of three independent experiments. ANOVA statistical analysis was conducted. Data are mean ± SEM. (*) = p 

<0.05.

ISG15  IFIT1  ISG20 

RRV 

SA11 
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4.2.11. IFNs Induction By Inactivated Virus 

Caco-2 cells were found unable to induce IFNs and ISGs in response to RV infection (Figure 4.11, 

Figure 4.12). In contrast, A549 cells retained its ability to produce IFNs and ISGs in the presence of 

RV. The addition of a proteasome inhibitor failed to rescue production of IFNs and ISGs in Caco-2 

cells, while A549 cells remained able to induce transcription of IFNs and ISGs. Therefore, in order 

to determine the necessity of virus replication in mediating the differences between the two cell lines 

observed, the subsequent experiment was conducted using a psoralen/UV-treated RV that renders the 

virus replication incompetent. 

 

The optimal UV treatment duration was investigated and 1 hour UV inactivation of psoralen-treated 

RV was sufficient to render the virus replication-deficient, without abolishing the ability of the virus 

to infect cells (Section A.7, Appendix).  Following the optimisation of UV treatment duration, Caco-

2 and A549 cells were infected with inactivated virus and its live virus counterparts. Prior to 

investigating the differences in IFNs and ISGs up-regulation in response to the virus, the inactivation 

of the virus was verified using qPCR of viral NSP1 and western blot of NSP4 (Figure 4.13) 

 

Expression of viral NSP4 was only detected in cells that were infected with live RV, whereas infection 

with psoralen/UV-treated RV did not result in any detectable NSP4 protein expression (Figure 

4.13A). This confirms the inactivation of the virus, and that 1 hour exposure to UV light was sufficient 

to inhibit viral replication. Although the loading control for each lanes were not similar, there was a 

clear distinction between the absence and presence of NSP4 protein in each sample.  

 

To further ensure that the UV-treated virus was not producing NSP1 in infected cells, the total NSP1 

RNA was analysed after 24 hours of infection. Whilst viral NSP1 was not completely abolished by 
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UV inactivation, the difference in the level of NSP1 RNA between inactivated and live RV was at 

least 3-logs (Figure 4.13B). Lack of NSP1 transcription was observed with UV-treated RV, regardless 

of the host cell type. Cells that were infected with inactivated RV, disregarding the virus strains, had 

approximately 10-fold increase in NSP1 RNA compared to uninfected cells, further highlighting the 

success in virus inactivation. 

 

 

Figure 4. 13: Psoralen/UV treatment of RV renders the virus replication-incompetent 

RRV and SA11 were inactivated by psoralen treatment and exposed to UV light for 1 hour. (A) Differentiated 

Caco-2 cells alone or (B) differentiated Caco-2 and A549 cells were then infected with either live or inactivated 

virus. At 24hpi, either protein or RNA was extracted from the cells and analysed for (A) viral NSP4 protein 

expression or (B) viral NSP1 transcription. Results are representative of three independent experiments. Data 

are mean ± SEM. (*) = p < 0.05.  

 

Following the verification that psoralen/UV-treated virus were replication-incompetent, the IFNs 

response elicited against the inactivated and live virus were investigated. This was conducted to 

narrow down the step at which the different IFNs response elicited by the cells occurred, such as 

when did A549 cells started and Caco-2 cells stopped producing IFNs. Therefore, for the subsequent 

investigation, cells were infected with either live or inactivated RRV or SA11 at MOI of 1, followed 

by quantification of various IFN RNA levels at 24hpi.  

A B 
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Inactivation of RV did not affect IFN transcription in A549 cells (Figure 4.14). Similarly, inactivated 

RRV did not affect the level of IFN-β RNA in Caco-2 cells (Figure 4.14). However, the level of IFN-

α RNA was significantly higher in Caco-2 cells infected with inactivated RRV. A less robust up-

regulation was observed with SA11-infected Caco-2 cells: while live SA11 up-regulated IFN-β 

transcription by 3-fold, inactivated SA11 resulted in 11.3-fold up-regulation (Figure 4.14). However, 

a statistical analysis revealed no significant difference between the level of IFN-β in live- and 

inactivated- virus infection.  

 

Transcription of IFN-α was not affected by the inactivation of SA11, with both live and inactivated 

SA11 causing a similar level of IFN-α up-regulation (Figure 4.14). In contrast, infection of Caco-2 

cells with live RRV resulted in a significantly lower level of IFN-α, while infection with inactivated 

RRV led to a robust up-regulation, reaching 17-fold higher than the level in mock-infected control 

(Figure 4.14).  

 

Interestingly, both inactivated RRV and SA11 significantly up-regulated transcription of IL28 and 

IL29 in Caco-2 cells (Figure 4.14). Infection of Caco-2 cells with live RRV resulted in 4.2-fold up-

regulation of IL28 RNA, whereas a robust transcriptional up-regulation was observed with its 

inactivated counterpart, reaching 430-fold higher relative to mock-infected cells. A slightly lower 

level of IL28 was observed with SA11 infection. Live SA11 resulted in only 6.7-fold IL28 RNA up-

regulation, whereas inactivated SA11 further increased the RNA level to 90.6-fold relative to mock-

infected cells (Figure 4.14).  

 

A similar result was obtained with IL29, where inactivated RRV resulted 330-fold RNA up-regulation 

relative to mock-infected cells, compared to infection with live RRV that resulted in approximately 
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8-fold up-regulation (Figure 4.14). Similarly, infection of Caco-2 cells with live SA11 resulted in 

slight transcriptional up-regulation of IL29, only increasing the level to 1.7-fold relative to mock-

infected cells (Figure 4.14). In contrast, inactivated SA11 was shown to be able to induce up to 295.9-

fold transcriptional up-regulation. Collectively, these results suggest that infected Caco-2 cells were 

able to respond to replication-deficient UV-inactivated RV by significantly up-regulating 

transcription of IL29 and IL28. These results also highlight the ability of Caco-2 cells to induce IFNs 

in response to infection with replication-deficient RV to similar levels as infected A549 cells. 
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Figure 4. 14: Infection with UV-inactivated RV resulted in robust IL28 and IL29 transcription 

Inactivated and live RRV and SA11 were used to infect differentiated Caco-2 and A549 cells for 24 hours at MOI of 1. Total RNA levels of various IFNs were 

quantified by qPCR and normalised to internal levels of GAPDH. The level of RNA is presented as fold-difference relative mock-infected cells. The result is 

representative of three independent repeats. Data are mean ± SEM. (*) = p <0.05

IFN-α  IFN-β  IL28  IL29  

RRV 

SA11 
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4.2.12. ISGs Induction By Inactivated Virus 

The reliance of epithelial cells on IFN-III to confer protection against virus infection have been 

previously established [235, 236]. The ability of Caco-2 cells to induce up-regulation of IFN-III in 

response to infection with replication-incompetent virus posed the question if it would lead to the 

antiviral effects by activation of downstream target ISGs. Therefore, the RNA levels of ISGs were 

subsequently quantified.  

 

In correlation with the results obtained with IFN transcription, similar RNA levels between 

inactivated and live virus indicated that there was no effect on ISGs transcription in RRV- and SA11-

infected A549 cells (Figure 4.15). Furthermore, the profile of ISGs induction remained similar in live 

and inactivated virus. In contrast, inactivated RV was able to increase some ISGs that were not up-

regulated by the presence of live virus in Caco-2 cells. Infection of Caco-2 cells with inactivated RRV 

led to significant transcriptional up-regulation of viperin, MxA and ISG20 (Figure 4.15). While 

infection with live RRV resulted in 14-fold up-regulation in viperin RNA, inactivated RRV resulted 

in 85-fold up-regulation. Infection of Caco-2 cells with live RRV did not result in MxA up-regulation, 

with the level similar to that of mock-infected cells. However, infection with inactivated RRV 

increased the RNA level of MxA to 20-fold relative to mock-infected cells. A slight transcriptional 

up-regulation of ISG20 was observed with live RRV, reaching 2.8-fold. The RNA level was further 

increased to 20.9-fold in the presence of inactivated RRV (Figure 4.15). 

 

Interestingly, infection of Caco-2 cells with inactivated SA11 led to a more robust RNA transcription 

compared to infection with inactivated RRV. All of the RNA tested was significantly up-regulated, 

with the exception of IFITM3 (Figure 4.15). Viperin RNA level was increased from 12.9-fold with 

live SA11, to 31.7-fold when infection was conducted using inactivated SA11. While live SA11 

resulted in down-regulation of MxA, its UV-inactivated counterpart resulted in a robust up-
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regulation, reaching 61.5-fold higher than the mock-infected cells. Similar to MxA, the RNA levels 

of IFI27 and IFIT1 decreased in the presence of live virus, whereas infection with inactivated virus 

resulted in a 4.8-fold and 15.7-fold increase respectively. The RNA levels of ISG15 and ISG20 were 

similar in cells infected with live SA11, with slight up-regulation reaching 1.7- and 1.3-fold 

respectively. In contrast, infection with inactivated SA11 resulted in 35.5-fold increase in ISG15 up-

regulation, and 20.0-fold increase in the RNA level of ISG20 (Figure 4.15).  

 

Collectively, these results suggest that infection of Caco-2 cells with inactivated RV resulted in ISGs 

up-regulation that was absent when cells were infected with live RV. Furthermore, these results 

underlines the necessity for a replication-competent virus to antagonize the host immune response in 

Caco-2 cells. However, the mechanism whereby the virus antagonizes host response in Caco-2 cells 

was ineffective in A549 cells, indicated by the robust immune response elicited against inactivated 

and live RV.
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Figure 4. 15: Infection with UV-inactivated RV results in robust ISGs up-regulation 

Inactivated and live RRV and SA11 were used to infection differentiated Caco-2 and A549 cells for 24 hours at MOI of 1. Total mRNA levels of various ISGs were 

quantified by qPCR and normalized to internal levels of GAPDH through the 2-ΔΔCT method. The level of mRNA is presented as fold difference relative to mock-

infected cells. The result is representative of three independent repeats. Data are mean ± SEM. (*) = p <0.05 
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4.2.13. Potential NSP1-Interacting Proteins From A549 And Caco-2 Cells 

The experiments in this chapter provide a clear demonstration that RV inhibition of IFN synthesis is 

cell-specific and that A549 cells remain capable of mounting a robust IFN response following RV 

infection. As NSP1 is the virus-encoded protein necessary for inactivation of the IFN response, a 

plausible hypothesis for the failure of NSP1 to shut off the IFN response in A549 cells is the presence 

of cell-specific factors that can interact with NSP1 to modulate its inhibitory activity. To address this 

hypothesis, A549 and Caco-2 cells were transfected with HaloTag-NSP1 as a bait protein that would 

allow the analysis of the pool of proteins expressed in each cell type that interact with NSP1 to be 

collected. Potential NSP1-interacting proteins were recovered using HaloLink resin (Promega) 

(Section 2.2.9.1). The potential NSP1-interacting proteins were eluted from the resin and 

subsequently prepared for analysis by liquid chromatography mass spectrometry (LC-MS/MS) 

(Section 2.2.9.3). 

 

A total of 101 and 80 proteins were recovered from Caco-2 and A549 cells transfected with the 

empty plasmid. A total of 118 proteins were identified from NSP1-transfected Caco-2 cells, 

whereas 164 proteins were identified from NSP1-transfected A549 cells. These proteins, along with 

the corresponding percentage of intensity, a measure of the abundance, are listed in Table 4.1. 

However, the presence of the proteins in the samples were not further verified. A comparison of 

proteins identified in the control transfection and the NSP1-transfected samples revealed that 105 

and 52 proteins were identified as potential NSP1-interacting proteins in A549 and Caco-2 cells 

respectively (Figure 4.16).   
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HaloTag vector control Caco-2 

 

Accessions % intensity 

PHB2_HUMAN 19.295 

PHB_HUMAN 17.586 

ACTB_HUMAN 0.277 

HBB_HUMAN 2.963 

H31_HUMAN 16.604 

A0A1W2PPS1_HUMAN 1.973 

ATPB_HUMAN 0.623 

TBA1B_HUMAN 0.929 

RPN1_HUMAN 0.424 

HSP7C_HUMAN 0.809 

VDAC1_HUMAN 2.588 

H2B1C_HUMAN 6.451 

H2A1C_HUMAN 8.544 

CO6A3_HUMAN 0.123 

MIC60_HUMAN 0.431 

CYB5B_HUMAN 1.982 

NB5R3_HUMAN 0.480 

H4_HUMAN 3.100 

GTR1_HUMAN 0.467 

PGRC1_HUMAN 0.402 

SC22B_HUMAN 0.234 

DESP_HUMAN 0.076 

COX5A_HUMAN 0.816 

PRDX1_HUMAN 1.196 

HBA_HUMAN 2.400 

TBB4B_HUMAN 0.111 

MIF_HUMAN 1.062 

MPCP_HUMAN 0.598 

GBB1_HUMAN 0.268 

TM41B_HUMAN 0.103 

STML2_HUMAN 0.142 

ATPA_HUMAN 0.443 

IGHA1_HUMAN 0.076 

KPYM_HUMAN 0.046 

CH60_HUMAN 0.241 

ENDD1_HUMAN 0.075 

SFXN1_HUMAN 0.137 

ERP44_HUMAN 0.226 

RAB6A_HUMAN 0.084 

GALT2_HUMAN 0.140 

RPN2_HUMAN 0.074 

LNP_HUMAN 0.043 

MTCH1_HUMAN 0.070 

SYJ2B_HUMAN 0.065 

TIM16_HUMAN 0.150 

VTNC_HUMAN 0.085 

COX2_HUMAN 0.234 

OST48_HUMAN 0.031 

ACTG_HUMAN 1.403 

MFGM_HUMAN 0.025 

MIC19_HUMAN 0.206 

SC61B_HUMAN 0.039 

NSDHL_HUMAN 0.036 

TBB5_HUMAN 0.326 

VAMP3_HUMAN 0.029 

STT3A_HUMAN 0.051 

TOM40_HUMAN 0.064 

ADAS_HUMAN 0.022 

RL6_HUMAN 0.055 

PPT1_HUMAN 0.044 

VDAC2_HUMAN 0.360 

RS8_HUMAN 0.046 

RAB5C_HUMAN 0.102 

RL31_HUMAN 0.032 

TM41A_HUMAN 0.029 

PPIA_HUMAN 0.048 

MLEC_HUMAN 0.031 

SERPH_HUMAN 0.034 

GPAA1_HUMAN 0.028 

RL15_HUMAN 0.046 

S39AE_HUMAN 0.045 

TCPG_HUMAN 0.010 

SCRB2_HUMAN 0.059 

DRS7B_HUMAN 0.012 

DDRGK_HUMAN 0.021 

MET7B_HUMAN 0.030 

TMX2_HUMAN 0.046 

DHCR7_HUMAN 0.173 

GHITM_HUMAN 0.139 

TM245_HUMAN 0.015 

TMED9_HUMAN 0.050 

PLP2_HUMAN 0.241 

EFTU_HUMAN 0.017 
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QCR1_HUMAN 0.013 

METK2_HUMAN 0.013 

SCAM3_HUMAN 0.052 

SURF4_HUMAN 0.033 

ATPK_HUMAN 0.054 

QCR6_HUMAN 0.028 

RL13_HUMAN 0.112 

HMOX2_HUMAN 0.110 

SERA_HUMAN 0.019 

TMM33_HUMAN 0.086 

RS18_HUMAN 0.016 

F151A_HUMAN 0.012 

GTR14_HUMAN 0.043 

4F2_HUMAN 0.044 

ADT3_HUMAN 0.123 

VIME_HUMAN 0.014 

RS13_HUMAN 0.024 

TM9S2_HUMAN 0.014 
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NSP1-transfected Caco-2 cells 

Accessions % intensity 

PHB2_HUMAN 19.802 

PHB_HUMAN 17.834 

ACTB_HUMAN 0.525 

ATPA_HUMAN 1.825 

TBA1B_HUMAN 3.835 

ATPB_HUMAN 1.184 

H31_HUMAN 13.533 

HSP7C_HUMAN 1.302 

H2B1H_HUMAN 3.267 

TBB5_HUMAN 0.556 

HNRPU_HUMAN 2.411 

H4_HUMAN 2.913 

HBB_HUMAN 0.776 

VDAC1_HUMAN 3.291 

MIC60_HUMAN 0.399 

CYB5B_HUMAN 2.753 

PRDX1_HUMAN 1.108 

CH60_HUMAN 0.637 

H2A1C_HUMAN 7.342 

GTR1_HUMAN 0.450 

RL13_HUMAN 0.257 

MCM7_HUMAN 0.097 

PYRD_HUMAN 0.098 

RPN1_HUMAN 0.312 

COX5A_HUMAN 0.601 

4F2_HUMAN 0.134 

KPYM_HUMAN 0.072 

ATD3A_HUMAN 0.083 

TM41B_HUMAN 0.077 

TCPE_HUMAN 0.047 

MYH9_HUMAN 0.105 

HS71A_HUMAN 0.216 

PGRC1_HUMAN 0.469 

HBA_HUMAN 0.613 

RS3_HUMAN 0.073 

DCTP1_HUMAN 0.769 

LBR_HUMAN 0.148 

COX20_HUMAN 0.088 

TCPG_HUMAN 0.123 

MPCP_HUMAN 0.340 

STML2_HUMAN 0.117 

BAG2_HUMAN 0.066 

RAB6A_HUMAN 0.139 

ADT3_HUMAN 0.064 

FUBP2_HUMAN 0.047 

PPT1_HUMAN 0.075 

MIC19_HUMAN 0.266 

HNRPM_HUMAN 0.076 

SDHA_HUMAN 0.063 

RS5_HUMAN 0.056 

RS8_HUMAN 0.095 

SERPH_HUMAN 0.161 

RAB5C_HUMAN 0.186 

TCPZ_HUMAN 0.057 

EFTU_HUMAN 0.031 

SC22B_HUMAN 0.150 

RB11B_HUMAN 0.249 

VAMP3_HUMAN 0.133 

RL3_HUMAN 0.077 

TBB4B_HUMAN 3.021 

DNJA1_HUMAN 0.247 

TOM40_HUMAN 0.038 

VILI_HUMAN 0.049 

RS3A_HUMAN 0.025 

HORN_HUMAN 0.010 

SFXN1_HUMAN 0.061 

EMD_HUMAN 0.037 

IMB1_HUMAN 0.015 

DRS7B_HUMAN 0.020 

TIM16_HUMAN 0.061 

VKOR1_HUMAN 0.025 

TM41A_HUMAN 0.011 

MATR3_HUMAN 0.015 

ATPK_HUMAN 0.045 

GOT1B_HUMAN 0.029 

PPIA_HUMAN 0.055 

PGAM5_HUMAN 0.036 

TCPB_HUMAN 0.087 

NSDHL_HUMAN 0.038 

ADAS_HUMAN 0.046 

SCRB2_HUMAN 0.062 

DDRGK_HUMAN 0.023 

GHITM_HUMAN 0.093 
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TMM43_HUMAN 0.043 

HSDL2_HUMAN 0.046 

UQCC3_HUMAN 0.021 

NCAS2_HUMAN 0.035 

PLP2_HUMAN 0.192 

FOLR1_HUMAN 0.029 

B4GT1_HUMAN 0.027 

HS90B_HUMAN 0.085 

VTNC_HUMAN 0.040 

COX2_HUMAN 0.229 

PKP2_HUMAN 0.019 

RS18_HUMAN 0.163 

LYSC_HUMAN 0.042 

MTCH2_HUMAN 0.092 

SYJ2B_HUMAN 0.058 

LNP_HUMAN 0.046 

RL6_HUMAN 0.044 

S39AE_HUMAN 0.047 

HMOX2_HUMAN 0.151 

DAD1_HUMAN 0.091 

VDAC2_HUMAN 0.205 

SERA_HUMAN 0.073 

LCN1_HUMAN 0.016 

PRS7_HUMAN 0.014 

PGES2_HUMAN 0.012 

RL10_HUMAN 0.011 

RS13_HUMAN 0.133 

ENDD1_HUMAN 0.033 

IF4A3_HUMAN 0.025 

QCR6_HUMAN 0.049 

RFT1_HUMAN 0.035 

TMED1_HUMAN 0.028 

MIF_HUMAN 1.058 

SURF1_HUMAN 0.049 

MTCH1_HUMAN 0.036 
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HaloTag vector control A549 cells 

Accessions % intensity 

PHB_HUMAN 10.399 

PHB2_HUMAN 16.439 

H31_HUMAN 20.348 

ACTB_HUMAN 2.662 

H4_HUMAN 9.582 

MIC60_HUMAN 0.920 

H2B1H_HUMAN 7.037 

HSP7C_HUMAN 1.382 

PLEC_HUMAN 0.132 

H2A1C_HUMAN 10.757 

ATPA_HUMAN 0.439 

STML2_HUMAN 0.565 

CYB5B_HUMAN 2.816 

ATPB_HUMAN 0.296 

RPN1_HUMAN 0.329 

PRDX1_HUMAN 2.288 

MIC19_HUMAN 0.124 

4F2_HUMAN 0.488 

HNRPU_HUMAN 0.185 

RB11A_HUMAN 0.294 

PGRC1_HUMAN 0.308 

TMED9_HUMAN 0.426 

GBB2_HUMAN 0.954 

TBB5_HUMAN 0.361 

MPCP_HUMAN 0.446 

SC61B_HUMAN 0.099 

COX5A_HUMAN 0.327 

RS8_HUMAN 0.064 

AL1A1_HUMAN 0.073 

VDAC1_HUMAN 1.960 

PTGES_HUMAN 0.214 

GALT2_HUMAN 0.382 

RS5_HUMAN 0.061 

HS71A_HUMAN 0.251 

RAB6A_HUMAN 0.119 

VIME_HUMAN 0.147 

HBB_HUMAN 0.333 

TMUB1_HUMAN 0.114 

ADT2_HUMAN 0.478 

SC22B_HUMAN 0.229 

NCPR_HUMAN 0.111 

SFXN1_HUMAN 0.174 

RS16_HUMAN 0.469 

HMOX1_HUMAN 0.247 

COX2_HUMAN 0.442 

RS28_HUMAN 0.144 

TOM40_HUMAN 0.187 

PLRKT_HUMAN 0.112 

AK1C1_HUMAN 0.041 

EMD_HUMAN 0.019 

RAB5C_HUMAN 0.167 

TM205_HUMAN 0.054 

VKOR1_HUMAN 0.054 

HMOX2_HUMAN 0.044 

PIGT_HUMAN 0.021 

ATPK_HUMAN 0.052 

GPAA1_HUMAN 0.032 

MYADM_HUMAN 0.123 

NSDHL_HUMAN 0.038 

UQCC3_HUMAN 0.018 

PLP2_HUMAN 1.137 

SCAM3_HUMAN 0.099 

SYJ2B_HUMAN 0.039 

LNP_HUMAN 0.035 

DDRGK_HUMAN 0.014 

VMP1_HUMAN 0.051 

ADAS_HUMAN 0.053 

HSDL2_HUMAN 0.048 

RL6_HUMAN 0.033 

GHITM_HUMAN 0.058 

NDUAD_HUMAN 0.024 

SRSF3_HUMAN 0.039 

TBA1A_HUMAN 0.272 

MAGT1_HUMAN 0.039 

DPM3_HUMAN 0.016 

PPIA_HUMAN 0.116 

KPYM_HUMAN 0.037 

NB5R3_HUMAN 0.287 

TMEDA_HUMAN 0.031 

H13_HUMAN 0.196 
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NSP1-transfected A549 cells 

Accessions % intensity 

MYH9_HUMAN 2.200 

ACTB_HUMAN 1.196 

PHB_HUMAN 11.901 

PHB2_HUMAN 13.529 

MYO1C_HUMAN 0.495 

ATPB_HUMAN 1.187 

ATPA_HUMAN 0.846 

TBB5_HUMAN 0.302 

GBB2_HUMAN 0.820 

H31_HUMAN 8.915 

CYB5B_HUMAN 4.624 

TBA1A_HUMAN 1.629 

RS18_HUMAN 0.613 

H4_HUMAN 1.676 

MIC60_HUMAN 0.641 

PRDX1_HUMAN 4.072 

STML2_HUMAN 0.741 

ANXA2_HUMAN 0.472 

DCTP1_HUMAN 1.204 

H2B1H_HUMAN 1.385 

TMED9_HUMAN 0.684 

RPN1_HUMAN 0.389 

MYO1B_HUMAN 0.216 

SFXN1_HUMAN 0.352 

NB5R3_HUMAN 0.510 

AK1C3_HUMAN 0.271 

SC22B_HUMAN 0.220 

RAB6A_HUMAN 0.223 

MIC19_HUMAN 0.391 

COX5A_HUMAN 0.521 

RS5_HUMAN 0.136 

SDHA_HUMAN 0.123 

HNRPU_HUMAN 0.077 

NCPR_HUMAN 0.097 

4F2_HUMAN 0.683 

SUSD2_HUMAN 0.279 

MIF_HUMAN 0.821 

PRAF2_HUMAN 0.292 

HLAA_HUMAN 0.049 

HSP7C_HUMAN 0.745 

H12_HUMAN 0.492 

ACTG_HUMAN 14.838 

TOIP1_HUMAN 0.062 

ABD12_HUMAN 0.058 

RAB5C_HUMAN 0.220 

HBB_HUMAN 0.138 

H2A1C_HUMAN 3.477 

NDUAD_HUMAN 0.087 

BIP_HUMAN 0.079 

CH60_HUMAN 0.166 

AL1A1_HUMAN 0.269 

SCAM2_HUMAN 0.058 

PTGES_HUMAN 0.305 

PRKDC_HUMAN 0.114 

CERS2_HUMAN 0.140 

MTCH2_HUMAN 0.128 

LBR_HUMAN 0.143 

RS3_HUMAN 0.066 

SC61B_HUMAN 0.092 

SQOR_HUMAN 0.062 

HMOX1_HUMAN 0.194 

CYB5_HUMAN 0.119 

HCD2_HUMAN 0.056 

HNRPM_HUMAN 0.072 

PGRC1_HUMAN 0.483 

VDAC1_HUMAN 1.305 

EFTU_HUMAN 0.253 

OST48_HUMAN 0.050 

DNJA1_HUMAN 0.076 

HS71A_HUMAN 0.087 

GALT2_HUMAN 0.238 

S35F6_HUMAN 0.101 

ADT2_HUMAN 0.200 

RS8_HUMAN 0.108 

GBG12_HUMAN 0.355 

PLEC_HUMAN 0.039 

SCRB2_HUMAN 0.168 

HSPB1_HUMAN 0.094 

RS24_HUMAN 0.055 

GBB1_HUMAN 0.673 

MYL6_HUMAN 0.123 

TMM43_HUMAN 0.112 

TPM3_HUMAN 0.067 
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HYEP_HUMAN 0.200 

ERGI1_HUMAN 0.033 

LAT1_HUMAN 0.098 

COX5B_HUMAN 0.836 

COX2_HUMAN 0.302 

MPCP_HUMAN 0.287 

B4GT1_HUMAN 0.089 

SCAM3_HUMAN 0.131 

CD44_HUMAN 0.062 

DESP_HUMAN 0.024 

KPYM_HUMAN 0.054 

TM205_HUMAN 0.326 

TMUB1_HUMAN 0.098 

PPIA_HUMAN 0.154 

TBB4A_HUMAN 1.720 

H2B3B_HUMAN 1.124 

H1T_HUMAN 0.023 

VIME_HUMAN 0.081 

RS28_HUMAN 0.084 

NIPS1_HUMAN 0.063 

SDHB_HUMAN 0.043 

SIR7_HUMAN 0.237 

NDUAA_HUMAN 0.016 

ODPA_HUMAN 0.018 

FUBP2_HUMAN 0.026 

YIF1B_HUMAN 0.039 

VMP1_HUMAN 0.087 

BAX_HUMAN 0.037 

IMB1_HUMAN 0.014 

HMOX2_HUMAN 0.092 

NIPS2_HUMAN 0.032 

AGRG1_HUMAN 0.031 

CASC4_HUMAN 0.022 

RS3A_HUMAN 0.014 

ATPK_HUMAN 0.027 

GOT1B_HUMAN 0.061 

ACADV_HUMAN 0.046 

COMT_HUMAN 0.045 

RL32_HUMAN 0.058 

GPAA1_HUMAN 0.041 

SPCS2_HUMAN 0.021 

G6PD_HUMAN 0.034 

RL30_HUMAN 0.035 

MYADM_HUMAN 0.075 

NSDHL_HUMAN 0.051 

KAP2_HUMAN 0.009 

RFT1_HUMAN 0.030 

RL7_HUMAN 0.057 

SSRD_HUMAN 0.081 

NCEH1_HUMAN 0.067 

IDH3B_HUMAN 0.044 

SURF1_HUMAN 0.032 

TMX2_HUMAN 0.131 

GTR6_HUMAN 0.053 

PEF1_HUMAN 0.026 

HSDL2_HUMAN 0.058 

UQCC3_HUMAN 0.020 

COX20_HUMAN 0.053 

VAMP3_HUMAN 0.041 

PCBP1_HUMAN 0.020 

CNTN1_HUMAN 0.025 

CKAP4_HUMAN 0.020 

HNRH2_HUMAN 0.019 

TMEDA_HUMAN 0.074 

ODO2_HUMAN 0.030 

RALA_HUMAN 0.069 

ODPB_HUMAN 0.019 

ELL3_HUMAN 0.022 

PRIO_HUMAN 0.019 

DPM3_HUMAN 0.015 

RAB7A_HUMAN 0.024 

SQSTM_HUMAN 0.010 

ATP5E_HUMAN 0.046 

SYJ2B_HUMAN 0.060 

LDHA_HUMAN 0.017 

TCPG_HUMAN 0.017 

COX7R_HUMAN 0.040 

TM109_HUMAN 0.110 

CD59_HUMAN 0.037 

TM9S3_HUMAN 0.023 

RL15_HUMAN 0.044 
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Table 4. 1: Proteins identificed by LC-MS/MS in HaloTag-transfected cells.  

Caco-2 and A549 cells were transfected with either an empty vector (control) or with NSP1-encoding vector (Section 2.2.4.2). The proteins interacting with the vectors 

were identified by LC/MS (Section 2.2.9.3). The percentage of intensity is a measure of the abundance of the proteins relative to the total proteins in the sample.
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A549 

 

Caco-2 

 

Figure 4. 16: Proportion of proteins interacting with HaloTag-NSP1 from mammalian cells 

A549 and Caco-2 cells were transfected with either an empty HaloTag vector or HaloTag-NSP1. The 

proteins interacting with NSP1 were identified using a pull-down assay (Section 2.2.9.1) and a 

subsequent LC/MS analysis (Section 2.2.9.3). The proteins identified in the control and the NSP1-

transfected cells were compared and the number of common and unique proteins are represented in the 

venn diagrams above.  

 

 

To identify the proteins that may be involved in the up-regulation of IFN in infected A549 

cells, the set of proteins identified by LC-MS/MS in both NSP1-transfected and vector-only 

control were excluded from the subsequent analysis. Proteins identified from NSP1-transfected 

A549 cells were compared to those identified in NSP1-transfected Caco-2 cells. A total of 32 
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empty 
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35
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proteins were uniquely isolated by association with NSP1 in Caco-2 cells, and a total of 85 

proteins were unique to A549 cells (Figure 4.17). This comparison resulted in 20 proteins that 

were common to both type of cells. The uniquely identified proteins are listed in Table 4.2. 

 

 

Figure 4. 17: A representation of the proportion of common and uniquely up-regulated NSP1-

interacting proteins 

A549 and Caco-2 cells were transfected with either an empty HaloTag vector or NSP1-encoding 

HaloTag vector. The proteins were recovered through a pull-down assay (Section 2.2.9.1) and identified 

through LC-MS/MS analysis (Section 2.2.9.3). The proteins identified from NSP1-transfected cells 

were compared against the list obtained from empty vector-transfected cells, and the common proteins 

were excluded. Therefore, the up-regulated proteins in response to the presence of NSP1 from A549 

and Caco-2 cells were compared to each other. The number of common and unique proteins are 

represented in the venn diagrams above. The result presented is based on one biological replicate.
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A549   Caco-2 

MYO1C_HUMAN RL32_HUMAN COX5B_HUMAN  MCM7_HUMAN 

RS18_HUMAN SPCS2_HUMAN CD44_HUMAN  PYRD_HUMAN 

ANXA2_HUMAN G6PD_HUMAN DESP_HUMAN  ATD3A_HUMAN 

MYO1B_HUMAN RL30_HUMAN TBB4B_HUMAN  TCPE_HUMAN 

SUSD2_HUMAN KAP2_HUMAN H2B3B_HUMAN  HS71A_HUMAN 

MIF_HUMAN RL7_HUMAN H1T_HUMAN  BAG2_HUMAN 

PRAF2_HUMAN SSRD_HUMAN NIPS1_HUMAN  RS5_HUMAN 

HLAA_HUMAN NCEH1_HUMAN SDHB_HUMAN  TCPZ_HUMAN 

ACTG_HUMAN IDH3B_HUMAN SIR7_HUMAN  RB11A_HUMAN 

TOIP1_HUMAN TMX2_HUMAN COMT_HUMAN  RL3_HUMAN 

ABD12_HUMAN GTR6_HUMAN CASC4_HUMAN  VILI_HUMAN 

BIP_HUMAN PEF1_HUMAN ACADV_HUMAN  HORN_HUMAN 

CH60_HUMAN VAMP3_HUMAN NDUAA_HUMAN  EMD_HUMAN 

SCAM2_HUMAN PCBP1_HUMAN ODPA_HUMAN  VKOR1_HUMAN 

PRKDC_HUMAN CNTN1_HUMAN YIF1B_HUMAN  MATR3_HUMAN 

CERS2_HUMAN CKAP4_HUMAN BAX_HUMAN  PGAM5_HUMAN 

SQOR_HUMAN HNRH2_HUMAN NIPS2_HUMAN  TCPB_HUMAN 

CYB5_HUMAN ODO2_HUMAN AGRG1_HUMAN  HSDL2_HUMAN 

HCD2_HUMAN RALA_HUMAN HYEP_HUMAN  UQCC3_HUMAN 

EFTU_HUMAN ODPB_HUMAN ERGI1_HUMAN  NCAS2_HUMAN 

OST48_HUMAN ELL3_HUMAN LAT1_HUMAN  FOLR1_HUMAN 

S35F6_HUMAN PRIO_HUMAN CD59_HUMAN  HS90B_HUMAN 

GBG12_HUMAN RAB7A_HUMAN TM9S3_HUMAN  PKP2_HUMAN 

SCRB2_HUMAN SQSTM_HUMAN RL15_HUMAN  LYSC_HUMAN 

HSPB1_HUMAN ATP5E_HUMAN TM109_HUMAN  DAD1_HUMAN 

RS24_HUMAN LDHA_HUMAN TPM3_HUMAN  LCN1_HUMAN 

H32_HUMAN AK1C3_HUMAN H2AJ_HUMAN  HNRPU_HUMAN 

GBB1_HUMAN TCPG_HUMAN   PRS7_HUMAN 

MYL6_HUMAN COX7R_HUMAN   PGES2_HUMAN 

    RL10_HUMAN 

    IF4A3_HUMAN 

    TMED1_HUMAN 

    H2B1IH_HUMAN 

    ADT3_HUMAN 
 

 

Table 4. 2: Potential NSP1-interacting proteins unique to each cell type 

A549 and Caco-2 cells were either either transfected with an empty HaloTag vector or  NSP1-encoding 

HaloTag vector. The cellular proteins potentially interacting with the NSP1 bait was recovered through 

a pull-down assay (Section 2.2.9.1) and identified through LC-MS/MS (Section 2.2.9.3). The proteins 

commonly identified in the empty HaloTag vector control, as well as proteins common to both NSP1-

transfected cell types were excluded from analysis. Therefore, listed are the proteins unique to each cell 

type that was expressing NSP1.
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An analysis of the list of proteins revealed the presence of proteins that have previously been 

implicated in viral replication as well as in immune system (data not shown). However, to 

address the hypothesis and identify a single protein that may be responsible in the contrasting 

IFN production, the functions of the proteins, particularly any known association with E3 

ubiquitin ligase, were individually looked at on UniprotKB. This was done due to the recent 

discovery of the interaction between NSP1 and Cullin-RING E3 ubiquitin ligase, specifically 

Cullin-3 (Cul3) (Lutz et al., 2016). The UniprotKB revealed that PGAM5, a serine/threonine-

protein phosphatase, is a known substrate for a KEAP1-dependent ubiquitin ligase complex 

(UniprotKB). Furthermore, KEAP1 has been shown to associate with Cul3 in vivo (Kobayashi 

et al., 2004). Although the PGAM5 protein was only present in NSP1-transfected Caco-2 cells 

and is a known substrate of KEAP1-dependent ubiquitin ligase, the significance of this protein 

in NSP1-mediated IFN inhibition was not investigated. 

 

4.3. DISCUSSION 

As discussed in Chapter 1 (Section 1.6.2), and referred to in the above, RV has evolved 

mechanisms to evade the host IFN response. The ability of the virus to interfere with IFN 

production through the action of NSP1 is well-conserved throughout all RV strains. However, 

this interference does not completely inhibit IFN production and signaling. A previously 

discussed study showed RV-infected children possessed high levels of circulating IFN-α [223]. 

In cell culture RV is known to antagonise the IFN response in various cell lines, including 

Caco-2 cells and primary plasmacytoid dendritic cells [147, 183]. A study conducted using 

HT29, a human colon cell line, also revealed a modest level of IFN-β secretion following RV 

infection [143]. These studies highlight the ability of the host to mount an immune response 

against infection. However, the presence of viral NSP1, initially described as IFN-I inhibitor, 

in the intestine of newborn calves was detected following infection with bovine RV [237]. 
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IFN-mediated restriction on RV replication 

RV infection has previously been associated with respiratory illness, with viral detection in the 

respiratory secretions of children who were presented with diarrhoea [230, 231]. Although RV 

was implicated to associate with respiratory disease, there has been no study conducted to 

investigate RV infection in respiratory cells. The result from the previous chapter highlighted 

the permissibility of A549 cells to RV infection (Figure 3.11). Due to the known sensitivity of 

RV to the antiviral activities of IFN, the first aim of this chapter was to investigate the effects 

of exogenous IFN in limiting virus replication. The importance of IFN in mediating the host-

virus interactions and controlling RV infection has been previously demonstrated [155, 183, 

223, 238, 239]. Interestingly, different cell types responded to exogenous IFN differently, with 

different ISGs were up-regulated to different extents. This observation is attributable to the 

species as well as origin of the cell lines; cells of different origins may have different IFN 

response mechanism by up-regulating different genes [240-242]. However, IFN treatment of 

MA104 cells generally up-regulated transcription of RNAs to lower level in comparison to 

Caco-2 and A549 cells. This low response may be due to species-specific activity of IFN [243]; 

the IFN used in this study was a product of cloned human IFN gene with the purpose of treating 

human patients. Thus, it may have little effect on a monkey cell line such as MA104. 

 

IFN-mediated restriction on RRV replication reduced viral burst size by a maximum of 4-fold, 

which was observed in A549 cells (Figure 4.2). In contrast, infection with SA11 resulted in an 

inhibition to a larger extent, with the maximum burst size reduction of 10-fold (Figure 4.4). 

These results indicate that RV strains are sensitive to the antiviral activities of IFN, and the 

extent of sensitivity differs between cell types and viral strains. Differences in RV sensitivity 

to IFN were previously reported in suckling mice [225, 226]. Homologous murine RV strain 
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was less sensitive to IFN action in suckling mice, while the replication of heterologous RRV 

was severely restricted [226]. This indicates a host-specific adaptation due to the evolution of 

the virus, particularly in the NSP1 activity. Murine RV strain possess NSP1 protein that is able 

to inhibit specific murine factors to evade host immune signaling. However, rhesus RRV NSP1 

protein does not possess the same capability. Although RRV is more similar to SA11 than it is 

to murine strain, the IFN sensitivity between the two strains also differ significantly. The 

absence of IFN-I and -II signaling in suckling mice resulted in 1,000-fold increase in SA11 

virus titre and 100-fold increase in RRV intestinal virus titre [225]. The difference in virus 

titres indicate differences in IFN sensitivity, with SA11 having higher sensitivity to IFN action 

than RRV. This supports the results in this study, where exogenous IFN posed a more efficient 

inhibition in SA11 replication. Furthermore, it also suggests that although RRV and SA11 are 

closely related, the activity of NSP1 can highly differ between two strains.  

 

The reduction in virus titres observed with IFN treatment confirmed the sensitivity of RV to 

the antiviral activities of IFN. However, the extent of restriction also differed with different 

MOI; viral replication appeared more restricted in cells that were infected with RRV at MOI 

of 1 as compared to at a MOI of 0.05 (Figure 4.2 and 4.3). IFN-treated cells infected with RRV 

at a MOI of 1 exhibited restricted viral replication to a higher extent compared to cells that 

were infected with RRV at an MOI of 0.05. Viral infection at a higher MOI was expected to 

be less sensitive to IFN as a small proportion of the virus may escape the restriction imposed 

by the cytokine. The higher restriction posed on virus replication at MOI of 1 may be due to a 

non-productive virus entry into host cells, resulting in virus infection that was incapable in 

replicating in the host cells. However, the presence of these virus particles in the cells may 

have resulted in increased ability of the host cell to combat infection. In contrast, the reduction 

in virus titres observed with lower MOI at 0.05 is due to the cumulative effect of IFN upon 
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multiple rounds of infection; over time the antiviral activities induced by IFNs may be more 

robust as ISG expression increases, thus resulting in a more efficient inhibition of virus 

replication.  Although the virus was able to replicate in cells, virus at MOI of 0.05 may require 

a longer period to reach a certain viral load capable of escaping IFN-mediated restriction. 

Whilst the extent of restriction in RRV-infected cells differs from previous research that have 

showed high sensitivity of the particular strain to the effects of IFN signalling [154], more 

research has shown that RV is only moderately sensitive to IFN treatment with a 50% reduction 

in viral RNA [237, 244]. The results obtained with SA11-infected A549 cells at an MOI of 1 

was in line with previously reported research, where the virus titre was reduced by 10-fold 

when cells were pre-treated with IFN [224, 239]. Whilst the results highlight higher infectivity 

of RRV compared to SA11, the difference observed may also imply possible strain-dependent 

replication mechanism. It is also important to note that the exogenous IFN used in this study 

was a subtype of IFN-α. Although previous studies have shown the effects of exogenous IFN-

α treatment, epithelial cells are more responsive to IFN-III ([155, 183, 223, 238, 239].). 

Therefore, it would also be meaningful to investigate the effects of exogenous IFN-III 

treatment on RV replication.  

 

Interestingly, a decline in RRV virus titre was observed in MA104 and Caco-2 after 48 hours 

of infection with RRV at MOI of 0.05 (Figure 4.3). This decline may be due to virus 

degradation; propagation of MA104 with RRV at MOI of 0.05 resulted in complete cell death 

at 48hpi (data not shown). Although Caco-2 cells do not undergo extensive CPE [245, 246], 

leaving the virus in culture at 37oC for a prolonged period may have affected the infectious 

virus titre. The ability of A549 cells to mount sufficient immune response, coupled with 

exogenous IFN treatment may have amplified the antiviral activity in infected cells, allowing 

the cells to further restrict virus replication to a higher extent than MA104 or Caco-2 cells. In 
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contrast to the restricted virus replication in A549 cells at MOI of 0.05, infection at MOI of 1 

resulted in similar virus titres obtained in all cell types. This further supports that the antiviral 

activities mediated by IFN was enhanced in A549 cells, resulting in significantly restricted 

virus replication. However, the increase in MOI results in the production of sufficient quantity 

of viral proteins that could dampen the host immune response, resulting in a more productive 

RV infection.  

 

The ability of A549 cells to be infected with RV and restrict viral replication with exogenous 

IFN pre-treatment led to the investigation of ISGs production in response to RV infection. The 

IFN production in A549 cells may have led to a cumulative effect of exogenous IFN, exhibiting 

a larger restriction on virus replication. The lack of IFNs and ISGs response mounted against 

RRV and SA11 in highly permissive Caco-2 cells (Figure 4.5 and 4.6) were expected as 

previous reports have indicated RRV’s ability to antagonise the IFN response in various cell 

lines [147, 183]. In contrast, both RRV and SA11 were unable to inhibit ISGs up-regulation in 

A549 cells, resulting in a significantly activated ISGs transcription in response to infection 

(Figure 4.5 and 4.6). The robust response elicited by both A549 and Caco-2 cells with polyI:C 

transfection confirmed the ability of these cells to detect viral dsRNA signal through PRRs and 

were highly capable in responding to the presence of PAMPs. Thus, the lack of response 

observed in infected Caco-2 cells emphasised on the ability of the virus to antagonise the 

immune response in Caco-2 cells. However, the mechanism that was effective in Caco-2 cells, 

was clearly lacking or ineffective in inhibiting ISGs up-regulation in A549 cells.  

 

While virus kinetics (Figure 3.11) showed similar virus titres between RRV and SA11 in A549 

cells, the virus yield with SA11 in Figure 4.4 showed a 1-log reduction compared to RRV 
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infection (Figure 4.3). This may be due to the duration of infection; the infection conducted in 

this chapter was for at least 24 hours, whereas infection in the previous chapter was conducted 

for a maximum of 12 hours. The longer duration of infection may have resulted in the 

degradation of the virus, thus resulting in reduced virus titres. Furthermore, the permissibility 

of A549 cells to both RV strains highlights the capability of RV to establish extra-intestinal 

infection, particularly in the lung epithelium [247-250].  

 

One of the caveats to this study is the lack of investigation on viral entry. The efficacy at which 

the virus is able to enter the cells could play a significant role in inhibiting or enhancing the 

immune response elicited by the host cells. For instance, efficient RV entry into Caco-2 cells 

allows the virus to produce sufficient proteins to antagonize the production of IFNs. In contrast, 

inefficient RV entry into A549 cells may have allowed the cells to mount a robust immune 

response before the virus could replicate to a significant level prior to antagonizing the host 

response. While the antagonistic actions mediated by RV has previously been reported ([155, 

166-168]), the ability of RV infection to prevent the antiviral effects of exogenous IFN was not 

determined in this study. A study that investigates the effects of exogenous IFN following RV 

infection would highlight the ability of RV to antagonise the host response in both Caco-2 and 

A549 cells. This would also shed some light into the similarities in the pathways required by 

A549 cells to produce IFN; if the effects of exogenous IFN is inhibited by RV only in Caco-2 

cells, this may indicate that A549 cells is reliant on a pathway that is not targeted by RV.  

 

Effect of MG132 on virus replication 

Virus replication can be inhibited at various stages by different ISGs. As a result of virus 

infection, transcription and translation of virus proteins occur in infected cells, allowing host 

cells to mount an immune response. However, viruses have evolved to hide from the immune 
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surveillance as well as to disarm the immune activation. For RV, transcription of viral RNA 

results in the accumulation of the widely known host immune antagonist, specifically NSP1, 

which was expressed and detected in infected cells as early as 6hpi. As previously mentioned, 

NSP1 is known to interact with IRF3 to induce degradation of the transcription factor in order 

to stop production of IFNs and ISGs. It was hypothesised that the lack of immune response 

observed in infected Caco-2 cells was attributable to the degradation of IRF3, and this 

degradation was not occurring in infected A549 cells, thus allowing the cells to produce IFNs 

and ISGs in response to infection. IRF3 degradation occurred in a time-dependent as well as 

strain-dependent manner in both A549 and Caco-2 cells. Interestingly, RRV was more efficient 

in degrading IRF3 than SA11. Different strains of RV have different sensitivity to IFN actions, 

with SA11 more sensitive to IFN than RRV [228]. The higher IFN sensitivity in SA11 resulted 

in lower virus replication, thus reduced NSP1 production. This may have subsequently resulted 

in lower efficiency of the virus to antagonize the host immune response.  

 

The ability of A549 cells to produce IFNs in the presence of NSP1 that mediates IRF3 

degradation led to the investigation of possible upstream regulatory mechanisms in IFNs and 

ISGs expression in the presence of a proteasome inhibitor, MG132. Inhibition of IRF3 

degradation by MG132 successfully recovered IRF3 accumulation in both RRV- and SA11-

infected Caco-2 and A549 cells. This may have resulted in an antiviral environment in the 

infected cells, thus, may have an impact on virus replication. To confirm the possibility of a 

more robust antiviral activities in infected cells, IFNs and ISGs mRNA levels were quantified. 

Although NSP1-mediated IRF3 degradation was inhibited by the addition of MG132, there was 

no restoration in IFN transcription and the subsequent ISGs up-regulation in SA11-infected 

Caco-2 cells. In contrast, there was no restoration in ISGs following RRV infection although 

production of IL29 was increased in these Caco-2 cells. This may be explained due to the lack 
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of robust signaling to produce ISGs. This also highlights the general antagonistic action of 

NSP1; although the degradation of IRF3 was inhibited, the virus may have alternative 

mechanisms to prevent IFN transcription and activation [233, 251]. Because A549 cells were 

initially capable in responding to infection, it was hypothesised that addition of MG132 would 

not have any impact on the IFNs and ISGs production. However, the results obtained showed 

decreased production of IL28 in response to SA11 infection in the presence of MG132, while 

the proteosomal inhibitor also resulted in the transcriptional up-regulation of IL29 in Caco-2 

cells. This difference in preferences may be due to the origin of the cell lines, with Caco-2 

originating from the colon and A549 cells originating from the alveolar. IFN-III, or IFN-λ, 

have also been implicated in RV infection [154], thus the up-regulation of IL29 and IL28 may 

be significant in RV infection.  

 

While viral NSP1 is known to cause degradation of IRF3 to prevent production of ISGs and 

IFNs, A549 cells retained the ability to transcribe the antiviral genes. This was in contrast to 

the observation with Caco-2 cells, where although IRF3 degradation was restored in the 

presence of MG132, it did not translate to production of ISGs and IFNs. This may be 

attributable to possible virus-host interactions that differ between the two cell lines. The ability 

of A549 and Caco-2 cells to respond to viral structure proteins from UV-inactivated virus 

further verifies that the Caco-2 cells have intact PRRs. This also confirms that virus replication, 

or particularly viral translation, is required to interfere with host immune signalling. Our 

finding corroborates with previous research that found below detectable IFN levels induced by 

infectious SA11, prompting the cells to be more susceptible to virus infection [252]. While the 

authors found that increasing UV-irradiation was able to enhance the ability of the virus to 

stimulate IFN production more efficiently than its infectious counterpart [252], we exposed our 
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virus to UV-light for only one hour to ensure that the structural integrity remains intact. This 

subsequently allowed us to investigate the response of host cells to presence of viral PAMPs.  

 

Interestingly, only transcription of IL29 and IL28 were restored in Caco-2 cells infected with 

inactivated virus. This supports previous findings that emphasises on IFN-III-mediated 

protection in epithelial cells [253, 254]. Infection of intestinal cells can induce activation of 

RIG-I and MAVS that are required in the production of both IFN-III and IFN-I [255, 256]. 

While IFN-III activates the same JAK/STAT pathway as IFN-I, polarised cells are more 

responsive to IFN-III due to the higher expression of IFN-III receptors [235]. Increase in IFN-

III expression subsequently allowed it to activate the up-regulation of downstream ISGs to 

adopt an antiviral state regardless of the absence of IFN-I. This outcome was abolished in the 

presence of RV replication due to the antagonistic actions of NSP1 that aimed to abolish host 

immune response.  

 

Potential differences in virus-host interactions 

The finding that both A549 and Caco-2 cells were able to respond to replication-incompetent 

virus highlights that during virus replication, RV-encoded proteins were capable of interfering 

with host IFN response. In contrast, A549 cells were able to produce IFNs in the presence of 

viral NSP1. To identify the causes of the contrasting observation, the differences in virus-host 

interaction was analysed by the identification of potential NSP1-interacting proteins from both 

A549 and Caco-2 cells through transfection with a HaloTag vector encoding for NSP1 derived 

from SA11. Although cellular host factors, such as RIG-I and IRF3, were expected to be 

identified as the potential NSP1-interacting proteins, these proteins were absent in the pulled 

proteins. While uncommon, a previously published paper also saw the absence of these proteins 

using the NSP1-encoded HaloTag vector [257]. However, a comparison of our list of proteins 
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with that of previously published revealed the presence of PGAM5 only in NSP1-transfected 

Caco-2 cells. While this protein was previously identified in a pull-down assay using NSP1-

encoded HaloTag vector [257], this protein is also a known substrate of KEAP1-dependent 

ubiquitin ligase complex [258]. KEAP1 acts as an adaptor protein that was shown to interact 

with Cul3, an E3 ubiquitin ligase that was previously shown associated with NSP1 [257, 258]. 

Interaction between PGAM5 and KEAP1 was shown to localise NRF2, a transcription factor 

that was found to regulate innate immune response as well as cell response to reactive oxygen 

species, to the mitochondria [259]. The lack of NRF2 in murine spleen tissues resulted in 

repressed antiviral gene expression, including that of IFN-β [260]. Furthermore, murine 

peritoneal macrophages lacking NRF2 was capable in inducing a robust response to HSV-2 by 

increased expression of IFN- β [260]. The ability of NRF2 to repress expression of IFN-β may 

imply an alternative mechanism whereby RV interacts with host cellular factor to prevent 

production of antiviral genes.  

 

PGAM5 is localised to the mitochondria and is known to tether KEAP1 and NRF2 to the 

mitochondria. The interaction between PGAM5 and KEAP1 was also found to be dependent 

on the level of ROS, where the interaction decreased in the presence of ROS [261]. PGAM5 is 

also responsible in inducing cell death, acting as a common ground to multiple cell death 

pathway [261]. Decreased interaction between PGAM5 and KEAP1 was postulated to allow 

translocation of PGAM5 into the mitochondria, subsequently allowing it to interact with its 

targets, such as AIFM1 to induce cell death. While ROS can be produced in response to virus 

infection, viruses have also evolved mechanisms to manipulate cell death pathways. An 

example is the K3 protein of Kaposi’s sarcoma-associated herpesvirus that interacts with the 

region of PGAM5 that is required for its full functionality [261]. Thus, making PGAM5 a 

possible target for virus to modulate the host cell to the advantage of viral replication.  
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Interaction between RV NSP1 with Cul3, a member of the largest group of E3 ubiquitin ligases 

known as Cullin-RING ligases, was previously established [257]. Although the authors 

hypothesised that NSP1 may utilise the Cullin-RING ligase to induce degradation of host IRF3 

and β-TrCP, the presence of siRNA targeting Cul3 did not inhibit NSP1-mediated degradation 

of IRF3 and β-TrCP, indicating that NSP1-mediated cellular factor degradation was 

independent of its interaction with Cul3 [257].  Therefore, the interaction between NSP1 and 

Cul3 may have an effect that is yet to be discovered. The discovery that PGAM5 may interact 

with NSP1 in Caco-2 cells indicate the possibility that the virus is able to inhibit production of 

IFNs in an alternative mechanism, through the activation of NRF2 in a PGAM5-dependent 

pathway. Therefore, this only forms a preliminary result that requires further investigations. 

Due to the lack of biological repeats, the pull-down assay should be repeated with more 

biological repeats. In addition, the role of PGAM5 in modulating the innate immune response 

in A549 cells should be investigated through a knockdown or over-expression assay. The 

localisation of PGAM5 with viral proteins, such as viral NSP1, can also be investigated to 

determine the presence or absence of direct PGAM5-NSP1 interactions. A more extensive 

investigation would be to conduct a similar experiments using other RV strains, such as porcine 

and human RV that are known to inhibit activation of NFκB. The two strains in this study have 

been known to induce degradation of host IRF3. Therefore, it would be useful to determine if 

the inability of RV to antagonise the host immune response in A549 cells is conserved 

throughout various RV strains.  
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CHAPTER 5: GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 
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5.1 SUMMARY 

RV is commonly known to induce gastroenteritis and diarrhea in young children. Although vaccines 

have been developed and are available, the number of RV-related deaths for children under five years 

was estimated to be over 100,000 in 2016 [262]. The escape of RV from the intestine to establish 

extra-intestinal infection has been documented pre-dominantly in mice, with the presence of RV in 

various organs [248, 263-265]. While the occurrence in humans are less frequent, extra-intestinal RV 

occurs in approximately 10% of children presented with RV infection [250]. The reported outcomes 

of extra-intestinal infection in children were seizure and neurological illness [266]. While numerous 

animal work has been conducted, this study investigated the ability of RV to cause extra-intestinal 

infection, specifically in lung cells, with subsequent investigation in differences in the virus-host 

interactions following infection.  

 

 

5.1.1 Infectivity Of Simian And Rhesus RV In Lung Cells 

Cell lines with high permissiveness to RV infection include those of intestinal origin, such as Caco-

2 and HT-29, as well as monkey kidney epithelial cells, such as MA104 and Vero [210, 267]. While 

kidney is not a natural tropism of RV infections, the susceptibility of kidney-derived cell lines to RV 

infection has been attributed to the presence of integrin receptors on cell surface [210, 268]. This 

study showed the susceptibility of A549 derived from lung epithelia to simian (SA11) and rhesus 

(RRV) strains of RV. Infected A549 cells produced virus titres comparable to those obtained from 

MA104. Unexpectedly, A549 cells also elicited a robust IFN response to infection. By contrast, Caco-

2 cells failed to induce an IFN response to RV infection, though were capable of inducing an IFN 

response to dsRNA A similar pattern of infectivity between the two RV strains in A549 may be 

attributable to the similarities of viral VP7 and VP4 sequences. Sequence comparisons between the 

two strains revealed 96% and 88% similarities in VP7 and VP4 sequences respectively [162]. As VP4 
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and VP7 are necessary for the entry of the virus into cells, the high sequence similarities indicate 

similar efficiencies in establishing infection in various cell lines.  

 

The lack of an IFN response observed in infected Caco-2 cells is consistent with previous studies 

[147, 183]. In contrast to the 24 hours infection period used in this study, Hakim et al., showed an 

increase in IFN-α and IFN-β transcription at 48 hours post-infection, while transcription of IL29 and 

IL28 occurred at earlier, at 36 hours [183]. The authors also showed the lack of transcriptional 

induction of ISGs, which was in line with our results. RV-infected HT-29 cells have been reported to 

up-regulate IFN-β transcription, albeit very modestly (3-fold over mock-infected controls) [143]. 

While there is a general lack of transcriptional up-regulation observed in these cell in cultures, 

infection of suckling mice with homologous RV resulted in up-regulation of ISGs transcription [182]. 

However, RRV infection of non-obese diabetic and BL6 mice resulted in different outcomes; 

infection of BL6 mice did not induce IFN-I transcriptions while NOD mice responded to infection 

by activating IFN-I [269]. The various results reported may be due to the model used; infection of 

live suckling mice allowed different cell types, including macrophages and natural killer cells of the 

innate immunity, to interact with each other to combat virus infection. However, the outcome of 

infected cell cultures is cell type-specific due to the usage of homogenous cell population. 

Furthermore, this highlights the various virus-host interactions that may occur following infection, 

that may be cell type- and strain-specific dependent.  

 

Exogenous IFN-α pre-treatment of Caco-2 and A549 reduced virus titres by a maximum of 4-fold for 

RRV and a maximum of 1-log for SA11. These results differ from previous studies that found high 

sensitivity of RV to actions of exogenous IFNs, particularly IFN-α, with a 1-log minimum reduction 

in virus titres [143, 183, 239]. A number of various factors can be attributed to this discrepancy, such 

as the type of IFN and the duration of IFN pre-treatment. While the cells in this study was pre-treated 

for 24 hours, the maximum effects of pre-treatment occurred at 72 hours post-treatment [239]. 
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Interestingly, although A549 up-regulated transcription of IFNs and ISGs, pre-treatment of the cells 

with exogenous IFN further restricted virus replication. This highly suggests that while the cells are 

able to respond to infection, the virus retains its ability to dampen host immune response, thus 

preventing the cells from completely inhibiting virus replication. 

 

5.1.2 Differences In Immune Response Elicited Against RV Infection 

The action of NSP1 is dependent on the virus strain and host cell type. Human and porcine RV strains 

target β-TrCP to prevent NFκB activation, while SA11 and RRV target IRF3 for degradation [234, 

238, 270]. In both instances, NSP1 relies on proteasomal degradation to remove IRF3 and β-TrCP 

from activating the host immune response and subsequent IFN production [164, 165, 271]. This was 

shown in this study where presence of proteasomal degradation inhibitor showed delayed IRF3 

degradation, while rapid degradation of the protein was observed in the absence of the inhibitor. 

Surprisingly, NSP1-mediated IRF3 degradation was also observed in A549 cells and this was also 

proteasome-dependent.  

 

While MG132 resulted in accumulated IRF3 expression, it did not cause restoration of IFNs and ISGs 

transcription. This could be due to multiple cellular factors, including RIG-I, IRFs and STATs, that 

are also targeted by NSP1 to evade host immune response [234, 272, 273]. Hence, although MG132 

resulted in the accumulation of IRF3, it did not prevent other host factors from being targeted by the 

virus. This is indicated by the lack of IFN transcription in infected Caco-2 cells where IRF3 

expression was restored. In contrast, transcription of most ISGs in A549 cells were reduced in the 

presence of MG132, with the restoration of IRF3 having a negative impact on ISGs transcription. 

This implies activation of an alternative IRF3-independent pathway in A549. A possibility is the 

reliance of A549 cells on the NFκB pathway. The treatment with MG132 can also result in the 

accumulation of IκBα that prevents NFκB activation, thus dampening the NFκB-dependent immune 

pathway.  
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qPCR analysis of ISG transcription revealed that viperin was induced at the highest level in infected 

A549 cells. However, over-expression of viperin did not result in restriction of virus replication. 

Transient transfection of A549 generated a heterogenous population of cells with differing levels of 

viperin expression in which to study the effects of the protein on RV infection.  The variability of 

viperin expression may reflect differences in the ability of the cells to interfere and prevent virus 

replication at a population level, but transient transfection of viperin in HeLa cells has been 

demonstrated to inhibit the replication of DENV [214]. A recent study has revealed that the antiviral 

activity is dependent on the co-expression of CMPK2 to produce ddhCTP to exhibit its antiviral 

activity [190]. The presence of ddhCTP acts as a chain terminator that can inhibit the production of 

full-length viral RNA [190]. Although Gizzi et al., found that the addition of ddhCTP interferes with 

RNA-dependent RNA polymerase of flavivirus [190], other studies that discovered the antiviral 

activity of viperin against HCV, DENV and Zika did not report any co-expression of CMPK2 [193, 

214, 274, 275]. This implies that the mechanism of viperin-mediated virus inhibition may vary. In 

this study, A549 cells were only over-expressing viperin without CMPK2 while production of 

ddhCTP might be required for viperin to induce an antiviral environment and inhibit RV replication.  

 

Although RRV and SA11 have high sequence similarities, infection in A549 cells showed that strain-

specific virus-host interactions play a role in modulating host immune response. While both strains 

were able to induce IFNs and ISGs transcriptions in A549 cells, replication of SA11 was more 

restricted. This could be due to a strain-specific target, where SA11 targets a different cellular host 

factor as opposed to RRV. Furthermore, the 57% NSP1 amino acid sequence similarity between the 

two strains suggests that only a proportion of NSP1 activity is similar [162]. This highlights a strain-

specific mechanism whereby the virus can evade host immune system, thus allowing RRV to evade 

the IFNs response more efficiently than SA11.  
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5.2 FUTURE DIRECTIONS 

This study has highlighted the importance of virus-host interactions in modulating host immune 

responses to infection. To further elucidate the protein or pathway important in the IFN response to 

RV infection in A549 cells, further research needs to be conducted. PGAM5, a mitochondrial 

phosphatase that acts as a substrate for KEAP1-dependent ubiquitin ligase complex [258]. PGAM5 

acts in various pathways involving necrotic cell death, specifically associating with the necrosome 

[276]. PGAM5 interacts with various other targets, including AIFM1 [261] for cell death and NRF2 

for protection against ROS [258, 277]. Virus infection can lead to the production of ROS. Increased 

in the level of ROS which can reduce the interaction between KEAP1 and PGAM5, renders PGAM5 

in an active state. PGAM5 can subsequently translocate into the mitochondria to interact with its 

target, such as AIFM1, to induce cell death [261]. The absence of PGAM5 results in higher cell 

survival rate in toxic environments, such as the presence of hydrogen peroxide [276]. Viruses such 

as Kaposi’s sarcoma-associated herpesviruses and respiratory syncytial virus have developed 

mechanisms to manipulate the host cell, and inhibit cell death for productive viral replication. The 

interaction between NSP1 of RV with PGAM5 in Caco-2 cells may result in inhibited cell death as 

well as inhibited IFN-β production through interaction with NRF2 [260].  One caveat to the findings 

from the proteomic analysis is that a single LC-MS/MS run only was performed on each sample. 

Furthermore, variable levels of transfection efficiency between A549 and Caco-2 introduce a 

discrepancy in the experiment regarding the amount of protein expressed in each population. While 

the use of Halo-tagged NSP1 into transfected 293 cells was used to identify components of the 

ubiquitin-ligase machinery [257], these cells are highly transfectable and allow for high levels of 

NSP1. Given that the experiment in this study sought to compare two different cell lines, a more 

effective protocol may be to use infected cells rather than NSP1 transfection. In this approach, 

isolation of NSP1 and its associated cellular proteins would require an antibody that could bind with 

high affinity and specificity to NSP1. Furthermore, this approach would mimic more closely the 

pathways and cellular events occurring during virus infection. In addition, the changes in the host 
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RNA can also be investigated through a microarray analysis. This would indicate the up-regulation 

and down-regulation of specific genes in more detail and would provide a bigger picture as to how 

A549 cells could up-regulate IFN production while Caco-2 cells were not able to. In addition, more 

cell lines of the same origin, such as BEAS-2B of the lung origin and HT-29 of the intestinal origin, 

can be included in future experiments. 

 

RV infection of A549 cells resulted in slightly delayed cell death as compared to infection of MA104 

cells. While MA104 cells would undergo complete CPE by 24 hpi, a proportion of infected A549 

cells remained viable at the same timepoint. Virus infection, including RV, can lead to mitochondrial 

apoptosis and subsequent leakage to release dsDNA [278]. Furthermore, viral nucleic acid can also 

induce inflammasome signaling to subsequently activate pyroptosis, resulting in the release of 

danger-associated molecular patterns such as dsDNA [279, 280]. The presence of dsDNA can activate 

the cGAS-STING signaling pathway, resulting in the production of IFN-I and inflammatory 

cytokines [281]. This alerts bystander cells to adopt an antiviral state. However, in RNA virus 

infection, cGAS-STING signalling is not necessary for IFN-I production. Instead, it is required in 

restricting virus replication [282-285]. It was recently discovered that DENV targets STING and 

cGAS to prevent immune activation, suggesting the role of STING and cGAS in responding to 

infection [282]. Although there have been no reports of interactions between RV and STING, the 

damage to mitochondria following RV infection could activate the cGAS-STING pathway. 

Therefore, activation of the inflammasome and cGAS-STING pathway in A549 cells in responding 

to virus infection should be investigated.  

 

In conclusion, this thesis has highlighted the ability of human lung A549 cells to respond to live RV 

infection, a response that was absent in the human intestinal Caco-2 cells. The presence of 

proteasomal inhibitor did not restore the response in Caco-2 cells or abrogate the response in A549 
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cells. Although a proteomics study was conducted, the results were inconclusive in identifying 

proteins likely responsible for the differential IFN production in the two cell lines. While there are 

available vaccines against RV, the only treatment following RV infection is to prevent dehydration. 

This study could provide a stepping stone in identifying potential treatments for RV infection by 

stimulating a pathway that is not targeted by the virus.
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A.1 Primer sequences (cloning) 

Name Sequence 

Vip forward 

For cloning into pTet-One 

5’ CTG GAT ATC TGC AGA ATT CAC GCG TAT 

GTG GGT GCT TAC ACC TG 3’ 

 

Vip reverse  

For cloning into pTet-One 

5’ACC GGT CTA TTC AGA TCC TCT TCT GAA GTG 

AGT TTT TGT TCC CAG TCC AGC T 3’ 

 

Vip forward  

For cloning into Sleeping Beauty 

5’ GTA CAA GAG GCC TCT GAG GCC ATG GAA 

CAA AAA CTC ATC TCA GAA GAG GAT CTG TGG 

GTG CTT ACA CCT GCT GCT 3’ 

 

Vip reverse  

For cloning into Sleeping Beauty 

5’ CTG AAG AAC GGC CTG ACA GGC CCT ACC 

AAT CCA GCT TCA GAT CAG CCT TAC TCC 3’ 

 

 
Table A: Primers for cloning of viperin into pTet-One and Sleeping Beauty plasmids 

The primers above were used for the cloning of viperin into the appropriate vectors. The primers have 

incorporated the relevant restriction sites and a Myc-tag (also see section 2.2.1.3). 
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A.2 Primer sequences (qPCR) 

Name Sequence 

Viperin_F 
5’ CCG CTG GAA AGT GTT CCA GTG 3’ 

Viperin_R 
5’ GGA CAC TTC TTT GTG GCG CTC C 3’ 

IFIT1_F 5’ GCC AAC ATG TCC TCA CAG ACC TA 3’ 

IFIT1_R 5’ GGG TGT TTC CTG CAA GGC CTT T 3’ 

IFI27_F 5’ TCG TCC TCC ATA GCA GCC AA 3’ 

IFI27_R 5’ GTT GCT CCC AGT GAC TGC AGA 3’ 

MxA_F 5’ TTC AGC ACC TGA TGG CCT ATC 3’ 

MxA_R 5’ CAG CAT GGC CTT CTG AAG CT 3’ 

IFITM3_F 5’ TCT TCA TGA ACC CCT GCT GC 3’ 

IFITM3_R 5’ ATG TTC AGG CAC TTG GCG GT 3’ 

GAPDH_F 5’ CTC CAA AAT CAA GTG GGG CG 3’ 

GAPDH_R 5’ AGA TGA TGA CCC TTT TGG CTC CC 3’ 

ISG20_F 5’ ACG GTG CTG TGC TGT ACG ACA A 3’ 

ISG20_R 5’ CCT TTC AGG AGC TGC AGG ATC T 3’ 

ISG15_F 5’ AAC CTC TGA GCA TCC TGG TGA G 3’ 

ISG15_R 5’ TCA GCC AGA ACA GGT CGT CCT 3’ 

IL29_F 5’ GGA AGA CAG GAG AGC TGC AAC T 3’ 

IL29_R 5’ AAC TGG GAA GGG CTG CCA CAT T 3’ 

IL28_F 5’ TCG CTT CTG CTG AAG GAC TGC A 3’ 

IL28_R 5’ CCT CCA GAA CCT TCA GCG TCA G 3’ 

IFNα_F 5’ ACT CCA TCT TGG CTG TGA 3’ 
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IFNα_R 5’ TGA TTT CTG CTC TGA CAA CCT 3’ 

IFNβ_F 5’ CTT GGA TTC CTA CAA AGA AGC AGC 3’ 

IFNβ_R 5’ TCC TCC TTC TGG AAC TGC TGC A 3’ 

SA11 NSP1_F 5’ CAT CTA ATC ACC CAG GCA ATG 3’ 

SA11 NSP1_R 5’ TCA CGA ATC CGC CAA TCA 3’ 

RRV NSP1_F 5’ TGC CGC ATT ATC AAC ATC AT 3’ 

RRV NSP1_R 5’ TTC CAT CTT CCA ATC CAT GTC 3’ 

 
Table B: Primer sequences for ISGs, IFNs and NSP1  

The primer sequences above were used for the quantification of mRNA expression f various genes through 

qPCR (Section 2.2.8.3). 
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A.3 Primer efficiency 

 

Gene  Slope R-Squared Efficiency (%) 

GAPDH -3.26 1.00 102.69 

IFI27 -3.28 1.00 101.89 

IFIT1 -3.40 1.00 96.72 

IFITM3 -3.38 0.99 97.57 

ISG15 -3.42 1.00 96.16 

ISG20 -3.37 0.99 98.08 

MxA -3.23 1.00 103.87 

Viperin -3.21 0.96 104.89 

IFN-a -3.18 1.00 106.51 

IFN-B -3.18 0.99 106.07 

IL29 -3.38 1.00 97.50 

IL28 -3.37 1.00 97.88 

RRV NSP1 -3.24 1.00 103.30 

SA11 NSP1 -3.18 1.00 105.94 

 
Table C: Primer efficiencies for qPCR 

The efficiencies of each set of primers were investigated to ensure accurate measurements of mRNA levels. 

The table above indicates the determined slope, R-squared and efficiency of each set of primers.  
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A.4 Plasmid map of pTre-Tight  

 

 

Figure A: A plasmid map of the pTre-Tight vector encoding for viperin 

 
Vector element Description 

Ampr Confers resistance to ampicillin, carbenicillin and related antibiotics 

Ori Origin of replication 

SV40 poly(A) signal SV40 polyadenylation signal 

Tight TRE promoter Tet-responsive promoter 
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A.5 Plamid map of pTet-One 

 

Figure B: Plasmid map of the pTet-One vector encoding for viperin 

Vector element Description 

Ampr Confers resistance to ampicillin, carbenicillin and 

related antibiotics 

Ori Origin of replication 

SV40 poly(A) SV40 polyadenylation signal 

Tet-On® 3G Modified rtTA protein that binds tightly to 

promoters containing the tet operator in the 

presence of doxycycline 

Poly(A) signal Synthetic polyadenylation signal 

TRE3GS promoter Third-generation tet-responsive promoter that can 

be activated by binding of Tet-On® 3G, modified 

to eliminate binding sites for endogenous 

mammalian transcription factors 
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A.6 Plasmid map of Sleeping Beauty transposon 

 
Figure C: Vector map of the Sleeping Beauty transposon encoding for viperin 

Vector element Description 

Ampr Confers resistance to ampicillin, carbenicillin and related antibiotics 

Ori Origin of replication 

bGH poly(A) Bovine growth hormone polyadenylation signal 

Puror Puromycin N-acetyltransferase confers resistance to puromycin 

rtTA-Advanced Improved tetracycline controlled transactivator. Binds to a Tet-

responsive element in the presence but not the absence of doxycycline 

EGFP Enhanced green fluorescent protein 

SV40 poly(A) SV40 polyadenylation signal 

Tight TRE promoter Tet-responsive promoter PTight 
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A.7 UV irradiation of psoralen-treated RV 

Figure D: The effect of various duration of UV exposure for the inactivation of RV  

Semi purified SA11 was subjected to psoralen treatment prior to exposure to UV light for various 

duration. A portion of the treated virus was used in FFA to determine the effect of UV treatment. 

(A) Live RV was included as a positive control, with no exposure to UV light,  thus no 

inactivation. Viruses were also left exposed for (B) 0.5 hour, (C) 1 hour and (D) 1.5 hours. RV was 

detected using anti-VP6 antibody, indicated by the green fluorescence. Cell nuclei were not stained 

in the FFA.  

 


