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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 organismôs 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 NFəB essential modulator (NEMO), subsequently leading to the 

interaction with IKKŬ and IKKɓ to phosphorylate IəB, thus activating NFəB. Nuclear translocation 

of NFəB 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 IKKŮ 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 5ôtriphosphorylated ssRNA [12, 17, 18], 

and short dsRNA, MDA5 is known to detect longer dsRNA [19, 20]. Presence of 5ôtriphosphate 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 IKKŮ 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 NFəB. The importance of DAI was highlighted when the absence of the 

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

followed by the discovery of STING, an adaptor protein essential for IFN-ɓ 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 NFəB to induce transcription of inflammatory cytokines. Alternatively, TLR4 

and TLR3 can interact with TRIF to recruit TBK1, TRAF3 and IKKŮ 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-ɔ. It binds to heterodimeric IFN-ɔ receptor 

1 (IFNGR1) and IFNGR2. IFN-ɔ 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-Ŭ, comprising of 13 

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

to heterodimeric receptor complexes consisting of IFN-Ŭ 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-ɚ, composed of four molecules (IFN-ɚ1, IFN-ɚ2, IFN-ɚ3 and ɚ4). 

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

IFN-III  that is composed of IL10Rɓ and IL28RŬ 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 NFəB; IFN-I relies 

predominantly on IRFs while IFN-III  relies on both IRFs and NFəB, with NFəB 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 ñhotspotsò 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 
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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 5ôtriphosphate 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, IN terferon-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]. 

  

  



15 

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, 


















































































































































































































































































































































