Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India

CHAPTER 2

LITERATURE REVIEW

Gastroenteritis is commonly referred to as stomach flu or infectious diarrhoea which is
often confused and fatal if remain under-diagnosed and untreated because of association
of many etiological agents such as bacteria, parasites, and viruses. Diarrhoeal disease is
the second leading cause of deaths in children and rotavirus is the common causative
agent of diarrhoea worldwide. Enteric viruses infect the upper small intestine and cause

non-inflammatory diarrhoea.

2.1. Genome organization

Rotaviruses are positive sense RNA virus; genome is approximately 18,550 base pairs
and the size of the individual RNA segments ranged from 0.6 to 3.3 kb [1]. Except for
segment 11, which codes for two proteins, NSP5 and NSP6, each segment of the
rotavirus genome codes for one protein [2]. Each RNA segment is modified with the
addition of 5’-guanylate residues and lacks poly (A) tail and the genome (58-67%) is rich
in AU sequence. The consensus sequence at 5’ end of rotavirus mRNA is 5’-
[GGCA/UA/UUA/UAA/UA/U]-3, while the 3” end has 5’-[A/UUG/UU/GG/UA/GCC]-
3’. The length of the 5° and 3’ untranslated regions (UTRs) vary in the 11-dsRNA
segments. Typically, tail 3' UTRs can be as long as 185 nucleotides (nt), the 5' UTRs are
typically less than 50 nt long [3]. The function of rotavirus structural (VP1-4, VP6 &
VP7) and non-structural proteins (NSP1-6) (Figure 2.1) are provided in Table 2.1. The
NSPs are synthesized only in virus-infected cells. Some of the viral proteins undergo
post-translational modifications such as glycosylation, phosphorylation, myristylation
and proteolytic cleavage [4]. The conserved sequence of four nucleotides at the 3” end of

the viral MRNA is known to function as translation enhancer [5].
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Figure 2.1. Rotavirus genome and structure organization. (A) Migration pattern on
on polyacrylamide gel stained with silver nitrate showing the separation of 11 dsSRNA
segments of group A rotavirus (RVA) genome. The gene segments are numbered on the
left and the corresponding encoded proteins are indicated on the right, (B) Electron
microscopy image of the rotavirus triple-layered particle (TLP) (Crawford et al. 2017)
and (C) Diagrammatic representation of RV structure and its organization.
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Table 2.1. Rotavirus structural and non-structural proteins

. . Location on Distribution of RV
Genome | Length | Protein | Size the Virus Molepqles Crystal structure (PDB proteins in the infected Functions
Segment | (bp) | encoded | (kDa) . per virion ID)
particle cell
1 3302 | VPL | 125 Core 12 2R7Q, 2R70, 2R7S-X Viroplasm [69] MRNA ~ binding, ~RNA-dependent = RNA
polymerase
2 2690 /P2 102 Core 120 ) Viroplasm [69] l\!onspecmc RNA binding, formation of
viroplasm
603V, 606B, 5AF2, . Binding of viral MRNA,
3 2591 VP3 9% Core 12 4YE2, 4ARPT Viroplasm [69] guanylyltransferase, methyltransferase
1SLQ, 1KRI, 4YG3, 2B4l, Hemagglutinin, neutralization, binding and
4 2362 | VP4 | 86 | Outercapsid | 180 | 4DRR, 3SIS, 2P3J, 2P3l, | Cytosol [184] fusiongg ’ ' g
3TAY, 2B4H, 3SIT etc....
5 1611 NSP1 58 | Nonstructural - 5JEO, 5JER Cytosol/nucleus [185] Erlgt% Iirrl]g of viral  mRNA,  zinc-finger
6 1356 VP6 44 Inner capsid 780 1QHD, 3J9S Viroplasm [69] Interact with NSP4 at maturation stage
7 1104 NSP3 36 | Nonstructural - 1KNZ, 1LJ2 Cytosol Binding of viral mMRNA
) 2GU0 (Taraporewala, . Nonspecific binding of ssSRNA, interact with
8 1059 NSP2 36 | Nonstructural 2006) Viroplasm [69,186] VP, viroplasm formation
9 1062 | vP7 | 37 | Outercapsid | 780 | 3FMG, 2LM7, 2KVL ER [187,188] bGi'g’gi‘r’%mte'”' neutralizing, — calcium
10 751 | Nsp4 | 20 | Nonstructural - 3MIW, 2013, 5Y2E etc | ER and Cytoplasm Transmembrane  glycoprotein,  viral
enterotoxin
i i . Binding to poly U and phosphoprotein,
" 667 NSP5 21 | Nonstructural Viroplasm [69,186] interact with NSP2
NSP6 12 | Nonstructural - - Viroplasm [69] Interact with NSP5
YD Devi 2022 11




Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India

2.2. Structure of rotavirus

Rotaviruses are non-enveloped with triple capsid layer architecture primarily based on
T=13 icosahedral symmetry. The RV triple-layered particles (TLPs) are the complete
and fully infectious particle measuring 1000 A in diameter including the spikes. Under
the electron microscopy (EM), TLPs appear as wheel-like structures (latin-rota) hence
the name ‘rotavirus’ originated [6]. The outermost layer is composed of two structural

proteins: VP7 and VP4, VP6 make up the middle layer and inner layer is VP2 proteins.

In the outer layer, 780 copies of VVP7 proteins are assembled as 260 trimers and feature
132 aqueous channels (comprising 12 channels of class I, 60 class 11, and 60 class Il
channels) [7]. There are 60 VP4 spikes (180 copies) in a virus particle projected 120A
away from the VP7 layer and each spike is a homotrimer appearing dimeric above the
outer layer and while forming a trimeric base anchored inside the capsid layer. The
structure of spike protein was resolved by cryo-electron microscopy of the RV particle
complexed with monoclonal antibodies specific to VP4 [8,9]. It displays a well-defined
structure with VP8* making two globular domains as head, a central body or stalk, and a
trimeric VP5* domain anchored under the VP7 layer [10]. The head portion of the spike
protein is clearly identified as VP8* on X-ray imaging of proteolytic fragments of VP4,
and the remaining body of the spike is identified as VP5* [11,12].

VP6 protein exists as trimers and contains 760 numbers of copies and each VP7 trimer
grips the underlying VP6 trimer. The icosahedral lattice in the inner VP2 capsid layer
differs remarkably from the middle and outermost layers and exhibits T-1 symmetry
[7,13]. Around the five-fold symmetry axis, five dimers form a decamer, and twelve
decamers make up the uniform core capsid layer with small pores along the axis [14].
Inside the core, the RNA dependent RNA polymerase (RdRP) complex consists of VP1
and VP3 and faces the class | channels [14,15,16,17].

VP7 layer detachment permits the double layered particle (DLP) to synthesize RNA.
Transcriptionally active DLP has been shown to gain internal order as mRNA synthesis
progress while inactive DLP remained dynamically disordered [18]. Like other viruses
having segmented RNA as genome (e.g., reovirus, orbivirus, and influenza virus), the 5’
and 3’ ends of rotavirus RNAs are highly conserved (uppercase letters) with the sequence

as 5’-GGC-poly(A/U) and 5'-aUgugaCC-3, respectively [19].
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In a study, unusual interaction of RV proteins (VP1, VP3, NSP2, VP2 and VP6) and
RNA in the replication intermediate (RI) complexes were observed during the process of
assembly and replication [20]. Using cryo-EM, the native structures of the dsRNA
genome of some viruses in the Reoviridae family were determined and were estimated to
occupy only one to two thirds of the volume available in core particles. These findings
raise the fascinating question of the maximum limit of the recombinant RNA packaging
capacity of reovirus particles [21].

2.3. Classification

Rotaviruses belong to the family Reoviridae, which contains fifteen other distinct genera.
The genera share a segmented dsSRNA genome as a unifying feature. Rotaviruses are
further classified into subgroups and serotypes based on three antigenic specificities such
as VP4, VP6, and VP7. In overall, rotaviruses are characterized based on the (1)
serologic characteristics: serotyping and dot-blot hybridization, or (2) sequence diversity
i.e., genotyping of VP7 (glycosylated, G type) and VP4 (protease sensitive, P type), (3)
the migration pattern of the 11" (smallest) segment on the RNA-PAGE:

(electropherotying), and (4) genome sequence diversity.
2.3.1 Group

RVs are classified into nine groups, A to I, based on the presence of a group specific
antigen called VP6 [22]. RVAs are the most common pathogens of humans and animals.
The group B rotaviruses (RVB) are sporadic animal viruses [23] and reported in several
large outbreaks infecting adults in China, and sporadically in children and adults in
Bangladesh and India [24,25,26,27,28]. Group C rotaviruses (RVC) mainly infect
animals but are sporadically caused diarrhoea in children [29] and adults in Argentina
[30]. An outbreak of adult diarrhoea in China led to the discovery of a new rotavirus
called ADRV-N (novel adult diarrhoea rotavirus) [31,32,33].

2.3.2. Subgroup

Rotavirus subgroup is classified based on antigenic specificity associated with the VP6
protein. RVAs are further classified into Subgroup I, Subgroup I, I+, non-subgroup I,

and non-subgroup 1l [34,35].
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2.3.3. Serotype

Within the groups, rotaviruses are classified into serotypes. This classification, ‘P’ and
‘G’ serotyping is done based on reactivity of the sera against the outer capsid proteins
VP4 (protease sensitive) and VP7 (glycosylated) [4]. Thus, 15 ‘G’ and 27 ‘P’ serotypes
[36,37] have been identified using serotype specific antibodies [36,38]. The P serotype is

written as letter ‘P’ immediately followed by a number, e.g., P1A.

2.3.4. Genotype

Genotyping is initiated because of the unavailability of the serotype specific antibodies
to all the serotypes and new strains that do not react with the known serotype antibodies
[39]. Genotyping of rotaviruses has now largely been carried out based on sequence
analysis of two rotavirus outer capsid genes such as VP4 and VP7. Therefore, a strain
with an amino acid (aa) sequence identity of >89% is regarded as belonging to the same
genotype [40,41]. Thus, 51 ‘P’ and 36 ‘G’ genotypes have been reported [40,36,42]. A
general correlation between genotype and serotype was established for VP7 but a lack of
consistency was observed for VP4. However, based on sequence variation between aa
position 84 and 180, P-type-specific epitopes on VP4 were defined using genotyping
[43]. The P genotype is denoted by a number in square brackets [40] (e.g. P[8] or P[6])
and accordingly, the serotype and genotype of VP4 genes are represented as P1A[8] and
P1BJ[4].

Recent developments in next generation sequencing technologies facilitated
determination of the sequence of the complete genomes of several strains of rotavirus.
Based on the sequence homologies of the 11-segments among the strains, a new
genotyping scheme has been proposed in 2008. In this system, the rotavirus genes viz
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 are denoted as Gx-
P[X]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where x=Arabic numbers starting from 1 and
G=Glycosylated; P=Protease sensitive; I= Intermediate capsid shell; R=RNA-dependent
RNA polymerase; C=Core shell protein; M= Methyl transferase; A=Interferon
antagonist; N=NTPase; T=Translation enhancer; E= Enterotoxin; H= Phosphoprotein),
respectively. There are now three primary rotavirus genome constellations in humans:
Wa-like, DS-1-like, and AU-1-like [44].
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2.3.5. Electropherotype

RV genome consists of 11-dsRNA segments and the size of the gene segment ranges
from 0.6 to 3.3 kb [45]. The RVAs genome migrates in four clusters (I-1V); cluster |
comprise of segments 1-4 with high molecular weight, cluster Il, segments 5 and 6,
cluster 111, segments 7, 8 & 9 and two smaller segments (10 and 11) in cluster IV. A
deviation in this general pattern suggests that the rotavirus could be a group A avian
virus or a reassortants or a unique RVA or non-group A rotavirus [46]. The RNA
migration patterns are reportedly affected by genetic drift and shift or genome re-
arrangements [47]. Group A rotaviruses can be characterized into three electropherotypes
(E-types) namely, ‘long’, ‘short’ and ‘super-short’ based on the faster, moderate, and
slower migration of gene segment 11 on polyacrylamide gels.

2.4. Life cycle

The rotaviruses enter the body through mouth, travel through the alimentary canal and
infect the lining of the small intestines. In vivo, rotaviruses infect primarily the mature
non-dividing enterocytes at the tip of the villus and enteroendocrine cells of small
intestine [48]. The infection causes diarrhoea through the lesions on absorptive
enterocytes causing malabsorption, NSP4 triggered intestinal secretions and activation of
the enteric nervous system (ENS) [49]. RV isolates generally adapt well in primary
African green monkey kidney (AGMK) cells and later can efficiently infect continuous
cells such as MA104 [50]. Other cell types derived from various origins commonly used
in rotavirus experiments are HT-29 (human colorectal adenocarcinoma), CaCo-2 (human
colon adenocarcinoma), HepG2 (human liver), BGM (Buffalo green monkey kidney),
FRhL-2 (Rhesus monkey lung), LLC-MK2 (Rhesus monkey kidney), and BSC-1, COS-
7, CV-1 and Vero derived from African green monkey kidney [50]. The infection and

replication cycle are shown in Figure 2.2 accompanied by the description of life cycle.

YD Devi 2022 15



Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India

Attachment and
internalization Maturation (VP4 proteolysis)

%~ | NA sensitive and NA resistant \

Hosttranslation
Shut off

Loss of envelope and
particle maturation

IFN Stimulates viral
antagonist mRNAs
\ translation
NSP1 = = NSP3 Budding and transient
\ / enveloped partice
Translation — -

2 Viroplasm (NSP2
—— C)G'_x? and NSP5)

: — e

"

e Transcription
DLP

Figure 2.2. Life cycle of rotavirus. RVs attach to glycan receptors and co-receptors on the host cell surface, through interaction with VVP8*
domain of VP4. Initial attachment of some animal strains of RV involves sialic acid receptors (SA sensitive RVs) while human RV strains like
Wa and DS-1, often attach to and enter cells in a sialic acid-independent manner (SA insensitive RVs) [189] where they interact with potential
host receptors like histo blood group antigens (HBGA) [55,56,190,]. Cell entry starts with RVs interaction with co-receptors, cellular surface
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molecules, such as heat shock protein (Hsc70), gangliosides [57] and integrins [59,60,61,191]. Depending on the strain, RVs are internalized into
cells by clathrin-dependent or clathrin-independent and caveolin-independent endocytic pathways [192,193]. Gradient in calcium levels triggers
the removal of the outer capsid layer (VP7 and VP4), which releases the transcriptionally active double-layered particle (DLP) into the
cytoplasm. Viral (+) RNA is used for translation of the viral proteins and also as a template for RNA synthesis during genome replication. The
new virions are assembled, and RNA is then packaged into new DLPs within the electron dense structures called viroplasms which are mainly
composed of NSP2 and NSP5. Triple-layered particles (TLPs) assembly takes place by the coordinated action of NSP4 and VP6. DLPs buds
into the endoplasmic reticulum (ER) forming transiently enveloped particle and the outer capsid proteins VP4 and VP7 are added onto the DLPs.
The envelope is lost when RV particles acquire the outer layer consisting of VP4 and VP7 [91]. Virions are then released from the cells through
cell lysis or Golgi-independent non-classical vesicular transport mechanism in polarized epithelial cells.
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2.4.1. Rotavirus entry into the cell; attachment, penetration or internalization and
vesicular trafficking

Rotavirus entry into the cell is a multi-step process which involves attachment to a
receptor, followed by interactions with co-receptors on the cell surface and
internalization. The virus displays restricted tropism, binding to a diverse cell line, but
efficiently infecting only those of renal or intestinal epithelium origin explicitly of the
intestinal villi suggesting that specific host receptors play a crucial role in virus entry
into the cell [51]. Trypsin-like protease present in the digestive tract cleaves VP4 into
VP5* and VP8* fragments which leads to change in the conformation facilitating the
virus particle to invaginate cellular plasma membrane [52]. The probable sites of
cleavage are Arg230, Arg241, Arg247 of VP4, mutation of which made it more resistant
to trypsin proteolysis than the wild-type protein and cleavage enhances infectivity of
rotavirus [53,51]. In the initial attachment, RV strains differ in their utilization of sialic
acid (SA) for binding on the cell surface. Accordingly, RVs are classified into two types:
SA-sensitive (or NA-sensitive) and SA-insensitive (or NA-resistant). First, RVs interact
with cellular receptors (sialic acid as attachment receptors) via VP8* domain VP4 spikes.
Several studies have shown some animal RVs engage sialic acid (SA-sensitive strains),
while human strains are often SA-insensitive strains e.g., Wa and DS-1 [54]. Certain
strains which are SA independent interact with potential host receptors, i.e., histo blood
group antigens (HBGA) [54,55,56] and gangliosides [57]. After initial attachment, RVs
interact with co-receptors, cellular surface molecules such as several heat shock cognate
proteins (Hsc70), and integrins. Integrins (a2B1, avp3, axp2, a4p1) interact with VP5*
or VP7 proteins through the integrin ligand motif [58,59,60,61]. It also has been shown
that actin cytoskeletons (Actn4 and Cdc42) have an important role in rotavirus
internalization in MA104 cells [62]. A biological membrane represents a physical barrier
for viruses to enter living cells. Enveloped viruses enter host cells through the membrane
fusion mechanism, while non-enveloped viruses, such as RVs, destabilize the host cell
membrane as a means for entry. Probably a peptide in the C-terminal region of VP7 is
responsible for permeabilizing biological membrane [63]. To reach the core of the cell,
most viruses hijack the cellular endocytic pathway via mechanisms either clathrin or
caveolae-mediated endocytosis, or macropinocytosis [64]. Regardless of the route of
entry, once inside the cell, all RV strains merge in early endosomes (EE), core

components of which are Rab 5 and its effector EEAL. Then the virus enters maturing
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endosomes (ME) with the help of endosomal sorting complex required for transport
(ESCRT) and form intraluminal vehicles (ILVs). RRV and SAl1l strains escape the
endosomal network and behave as early penetrating viruses. Other viral strains remain in
the late endosomes (LEsS) and RVs require CD-M6PR and cathepsins present in LEs to
infect cells [65].

2.4.2. Virus particle uncoating and release of plus strand RNA

Under low calcium environment the outer capsid layer proteins VP6 and VP4 are
dislodged, exposing VVP6 protein coat, thus forming a transcriptionally active DLP. RVs
are not fully uncoated, the reason being that the coat is partially resistant to protease
digestion thereby protecting degradation by the host defense mechanism [66]. RVs do
not utilize the cells replication enzymes, but rather utilize their own transcription
complexes (TCs) that consist of VP1 (RdRP), and VP3. VP3 is a capping enzyme and
has characteristics of phosphodiesterase, guanylyl transferase and methylase [67]. In the
cytoplasm, the particles produce (+) ssSRNA transcripts; capped but non-polyadenylated
using the negative strand as template, which are then released through the class |
channels from the DLP. The transcripts act as template for synthesis of viral proteins and
progeny viruses [68]. The segmented nature of the genome allows reassortment of gene
segments during replication and packaging of RNA segments leading to development of

reassortant strains of rotavirus.

2.4.3. Translation of viral proteins and formation of viroplasm

RVs rely on translation machinery of the host to produce proteins encoded by the viral
genome. Viral NSPs are synthesized only in the infected cell but are not assembled in the
virion particle. NSPs have an important role in transcription, translation of viral proteins,
genome replication and viral particle formation. Synthesis of virus-encoded proteins
occurs in the cytoplasm using the (+) strand ssSRNA as template. The synthesized
proteins form an electron dense structure called viroplasm that serve as the site of virion
factories where genome replication and particle assembly take place. The components
that interact together and form viroplasm structure are VP1, VP2, VP3, VP6, NSP2,
NSP5 and NSP6, as well as (+) ssSRNA and dsRNA [69]. Silencing the expression of
NSP2 and NSP5 have been linked to significant reduction in size and number of

viroplasm and production of infectious progeny virions [68,70,71]. NSP4, a
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transmembrane glycoprotein, forms caps on viroplasms and vesicular transport
compartments regulated by levels of intracellular calcium [72]. Cellular lipid droplets
(LDs) recruited by viroplasms serve as both energy source as well as transport vehicles

in the cell and are crucial for rotavirus replication [73,74].

The host mRNAs are polyadenylated at the 3’ end and capped at the 5° end. The 5’ cap is
bound by the translation initiation factor elF4E, a multipurpose ribosome adaptor
responsible for conveying capped and poly-adenylated messages to the ribosome. The
poly (A) tail interacts with poly (A)-binding protein (PABP), which then interacts with
elF4G [75]. In contrast to cellular mRNAs, rotaviral mMRNAs are not polyadenylated, but
are capped at the 5 end. Lack of poly (A) tail would hamper the efficient translation of
viral mMRNAs due to failure of circularization of the viral mMRNAs. Rotaviruses overcome
this problem by using the consensus sequence at the 3’ end of the viral RNAs which
specifically interacts with NSP3 protein. The C-terminal domain of NSP3 interacts with
elF4G with an affinity greater than that of PABP and the N-terminal domain with the
consensus sequence, thus assisting the 5’ and 3’ interaction of the mRNAs. In this way,
NSP3 enhances the selective translation of the rotavirus mMRNAs by competing with
PABP and dislodging it from actively translating host elF4F complexes [76,77,78].
Competition of NSP3 for elF4AG results in effective inhibition of cellular protein
synthesis [79]. RoXaN (rotavirus X protein associated with NSP3), a cellular protein
interacts with NSP3 and is present in a ternary complex comprising NSP3, RoXaN and
elF4Gl in the infected cell implying RoXaN in translation regulation of rotaviral mMRNAs
[80]. In contrary, recent studies using siRNAs directed against NSP3 indicated that NSP3
is not required for selective viral mMRNA translation [81]. eIF2a becomes phosphorylated
and inhibits cell protein synthesis. In uninfected cells, phosphorylation of elF2a forms
the stress granules but in infected cells it is prevented to efficiently translate its mMRNA
[82]. Interestingly, it was reported that the overall production of viral proteins was
largely contributed by secondary transcription products synthesized by the newly

assembled virions during rotavirus replication [83].
2.4.4. Synthesis of RV genome

The genome of the progeny virion is synthesized using the positive sense RNA as
template which also serves as template for the synthesis of viral proteins. The core

proteins function together for replication and producing the 11-capped segments of RV
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genome. RARP alone can recognize viral (+) RNAs, however, requires VP2 that is an
essential co-factor which triggers the polymerase to initiate dSRNA synthesis and regions
in inner face of the core layer are crucial for viral polymerase activation [84]. The minus
strand synthesis is facilitated by the panhandle structure form by the base-pairing
between the 5’ and 3’ consensus sequence of mRNA. The 3' consensus sequence of
RVAs contains cis-acting replication signals which extends as a 3'-tail from the
panhandles. The RNA packaging involves NSP2 and NSP5; NSP2 possesses NTPase,
helix-destabilizing and RNA-binding activity [85,86]. In a recent study, GTPase Racl
has been shown its importance for maximal viral RNA synthesis [62]. DLPs have
transcriptional pores through which synthesized (+) RNA are exited [67].

2.4.5. Packaging of new virion particle

The synthesized structural proteins and viral RNA genome get accumulated in the
viroplasm where packaging of the genome and DLP particle assembly take place. Like
the chromatin packaging in humans, naked viral dsSRNA needs to be packaged compact
into the core shells due to its long sequence length. Interactions of the replication
complexes (VP1/VP3/ssRNA), a VP2 decamer, NSP2 and NSP5 are believed to
coordinate genome replication and core assembly [15]. The negative charge of the viral
RNA is counteracted by co-packaging with divalent cations and cellular trivalent cationic
compound spermidine [87]. The multi-segmented genome assembly is directed by
specific  RNA-RNA interactions between the segments. The segments undergo
assortment and form ordered complexes that nucleate assembly of core proteins around it
[88]. Once core particles are assembled, it is rapidly trans-capsidated by VP6 and form
DLPs. Deletion mapping of functional domains had identified assembly domain that are
in the amino acid positions, aal22-147 at the amino terminal end of VVP6 protein [89].
Hydrophobic effects between VP6 and VP2 have been implicated in providing the
stability of the DLPs [90].

2.4.6. Maturation and release from the host cell

For maturation, DLPs from the site of viroplasm are transported to endoplasmic
reticulum (ER) by NSP4 and VP6. The rotavirus immature virions transiently acquire
lipid envelope inside the lumen of ER and the VVP7 outer capsid layer replaces it, which

consists of VP7 glycoprotein (260 trimers) and VP4 spike (60 trimers) [91]. Virions are
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then released either from the cells through cell lysis pathway or non-classical pathway
that bypass goldi.

2.5. Pathogenesis and pathology

Rotavirus enters through oral route and can result in either acute or persistent infections
leading to symptomatic or asymptomatic disease. The virus mainly infects the mature
enterocytes of small intestine, in addition, several reports have indicated extraintestinal
(systemic) involvement in many organs; spleen, liver, heart, kidneys, testes, bladder and
respiratory tract [92,93]. The disease pathology has been described as an “iceberg”
model whereby the most visible tip is diarrhoea. The rest being extra-intestinal
manifestations due to the systemic spread of the infection, such as, seizures in the CNS,
autoimmune trigger in individuals with a specific genetic background [94]. The
pathogenicity of the virus depends on various host and viral factors. RV infections in
children under the age of five are more common worldwide. The damage to the mucosa,
membrane lining body cavities, leads to malabsorption. Also, the activity of
disaccharidases and peptidases in the microvilli on the surface of epithelial cells
decreases and the resulting osmosis from unabsorbed nutrients contributes to diarrhoea.
Other consequences include villus ischemia, intestinal secretion stimulated and
intracellular Ca?* and CI- ion mobilization and activation of the ENS and enteric vascular
systems which stimulate indirect secretion together contributes to rotavirus pathogenesis
[95,96,97]. The mechanism of clearance of infection is complex involving overlapping
elements of innate, humoral, and cellular immunity [98]. In symptomatic children with
diarrhoea, the median duration of fecal shedding was found to be 24 days in the range of
14 to 51 days. Whereas, in asymptomatic children, it was observed 18 days with the

duration of shedding in the range of 8 to 25 days [99].

2.6. Epidemiology

2.6.1. Occurrence, reservoir, transmission, and incubation period of rotavirus

Rotaviruses are highly contagious viruses that do not discriminate between the poor and
rich, and infection occurs throughout the globe, with primary reservoir being the
gastrointestinal tract and stool of infected humans and non-human mammals. The mode

of transmission of the virus is through fecal-oral route, close-contact, and contaminated
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food, water, hands, respiratory spread, and fomites [100,101,102,103]. Respiratory mode
of transmission of rotavirus has also been proposed [104]. The incubation period is
generally 2 to 3 days, while the infective period is 1 to 3 weeks and asymptomatic
carriers are very common. After the patient becomes symptomatic, the virus is shed for
6-10 days. The severity of the disease was found correlated with the prolonged period of
shedding of rotavirus particles [105].

2.6.2. Seasonality and geographical distribution of rotavirus infection

Seasonality of a disease represents a periodic surge of the disease during a year.
Oscillation in the pathogen’s effective reproductive cycle reflects its infectiousness,
pathogen survival, or host susceptibility [106]. In temperate climates rotavirus infections
showed a distinct seasonal pattern with peaks incidence observed mainly in cooler
months. However, in tropical countries, RV disease seasonality is less pronounced,

although, the infection is more common during the dry winter season [107,108,109].

In a global age distribution study in children under five-year-old, the median age of RV-
positive hospital admissions was 38-65 weeks in countries where rotavirus infection was
prevalent [110]. There is no clear data to support if male is more prone to RV infection
than female or vice-versa. The environmental factors associated with the seasonality of
rotavirus infection remain unclear till now. Geographical distribution studies showed that
in temperate countries, most likely, seasonality results from unfavorable conditions for
virus transmission which could be high relative humidity, higher atmospheric
temperatures, and less crowding. Interestingly, a country’s income level was described as

another possible factor for seasonality of rotavirus infection [111].

2.7. Symptoms

Most clinical features of RV infection are similar to the general symptoms of
gastroenteritis which is distinguished by asymptomatic mild watery diarrhoea to acute
gastroenteritis and dehydration which leads to death and occur most often in the children.
The incubation period is short that ranged from 1 to 3 days followed by abrupt onset of
symptoms such as fever, decrease in urination, dry mouth and throat, dizziness,
abdominal pain, and vomiting for 24 to 48 hours accompanied by pale watery or loose

non-bloody diarrhoea for 3 to 8 days (10 to 20 times per day) and metabolic acidosis,
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although prolong episodes have been noted occasionally [112,113]. Two major
consequences of rotavirus infection are dehydration and electrolyte disturbances:
hypernatremia, being the most common electrolyte disturbance in acute diarrhoeal
diseases [114]. Furthermore, respiratory illness signs, infection of the oropharynx and
respiratory tract are often found during RV gastroenteritis [115]. Immuno-compromised
individuals are at risk of complicated rotavirus gastroenteritis leading to hospitalization
[116]. Another emerging and widely discussed feature of RV infection is the antigenemia
and extraintestinal manifestations in patients with RV gastroenteritis suggesting RV
infection is systemic. Several studies have reported RNA and antigen of the virus, and
infectious particles in serum, cerebrospinal fluid (CSF) and extraintestinal tissues in
patients with RV acute gastroenteritis (AGE) [117,118,119]. The severity of rotavirus-
induced AGE is scored based on seven parameters that are recorded during the visit of
patient to Hospital by the clinicians (Table 1.2a and 1.2b). Accordingly, treatment is
provided to the severe patients that requires hospitalization [120].
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Table 2.2a: Vesikari clinical severity scoring system (VSS). VSS was determined to
scale the severity of rotavirus induced acute gastroenteritis based on seven clinical
parameters recorded at the hospital.

Pa;?r:leg?rs Paramaters Score i 2 3
Diarrhoea
1 Maximum Number Stools per Day 1-3 4-5 >6
2 Diarrhoea Durations (Days) 1-4 5 >6
Vomiting
3 Maximur_n Number Vomiting 1 94 =5
Episodes per Day
4 VVomiting Duration (Days) 1 2 >3
5 Temperature (°C) 37.1-38.4 38.5-38.9 >39.0
6 Dehydration N/A 1-5% >6%
7 Treatment Rehydration | Hospitalization | N/A

*Table adapted from rotavirus clinical trials utilizing the Vesikari clinical severity scoring
system (Clark et al., 2004; Ruuska & Vesikari, 1990).

Table 2.2b: Vesikari Clinical Severity Scoring System Severity Rating Scale

Severity Category
Mild Moderate Severe Maximum Score
<7 7-10 >11 20

*Table adapted from rotavirus clinical trials utilizing the Vesikari clinical severity scoring
system (Clark et al., 2004; Ruuska & Vesikari, 1990).

2.8. Diagnosis

Rotavirus diarrhoea is clinically identical with gastroenteritis caused by other infectious
agents (such as norovirus, adenovirus, astrovirus, Escherichia coli and Salmonella spp.).
Rotavirus infection is seasonal in nature and in temperate countries, if a child has
diarrhoea in cold season; generally, the causal agent suggested is rotavirus or norovirus.
Rapid identification of viruses associated with gastroenteritis is necessary for timely
implementation of the effective management strategy to control rotavirus disease
outbreaks [49].
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Laboratory based diagnosis of rotavirus infection is carried out using stools of the
patients. The techniques include electron microscopy (EM) [121], virus isolation in cell
culture [122,50], native polyacrylamide gel electrophoresis (Native-PAGE) of viral RNA
genome segments [123], enzyme immunoassays (EIAs) [124], passive particle
agglutination tests [125], immunochromatographic tests [126], RT-PCR followed by gel
electrophoresis [127,128,129,130], and gRT-PCR [131,132,133]. Several multi-pathogen
detection assays, point-of-care testing (POCT) are commercially available for
simultaneous detection of different enteroviruses associated with acute gastroenteritis
[134,135]. For epidemiological surveillance studies, serological and molecular
techniques are used for strain characterization [130]. These molecular techniques include
full-genome sequencing [22], next-generation sequencing [136,137,138,139,140], Sanger
sequencing [141,142], and dot-blot hybridization [143,144].

2.9. Treatment

There is no specific medicine/drug to treat rotavirus infection and treatment focuses on
symptom relief. The treatment consists mainly of rehydration (orally or intra-venous);
the primary aim is to compensate fluids and electrolytes lost in vomiting and diarrhoea.
Oral rehydration can treat mild infections; however, severe rotavirus urgently needs
intravenous fluids to overcome the risk of fatality due to dehydration [145]. However,
medicine to treat the symptoms is recommended. In addition to fluids and electrolytes,
other supplements under investigation are amino acids, lactoferrins, lysozyme, and
beneficial probiotics [146,147]. Studies have shown some of the potential anti-viral
agents against RV. One such drug is thiazolides, a class of broad-spectrum antiviral
drugs by targeting viral morphogenesis and inhibiting viroplasm formation [148].
Gemcitabine, brequinar (BQR) and leflunomide (LFM) targets pyrimidine nucleotide
synthesis pathway. The latter two drugs target dihydroorotate dehydrogenase (DHODH)
enzyme [149,150]. While resveratrol inhibits viral structural expression and genomic
RNA synthesis [151] and ursolic acid inhibits the maturation of viral particles in the ER
[152].

2.10. Control and prevention

Improved sanitation and hand hygiene, exclusive breastfeeding, and improved water

quality is highly recommended to reduce the chances of getting RV infection. But these
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do not significantly reduce the burden of rotavirus and the virus continues to be a threat
particularly in children under five-year-old. The incidence of RV diarrhoea was observed
40% (approx.) in high-income and low-income countries in pre-vaccine era and
continued to be a burden even in post vaccine era [153]. The difference in rotavirus
vaccine efficiency between these countries was found associated with universal access to
safe water and sanitation. VVaccination is considered the most reliable preventive measure
for rotaviral diarrhoea. Global rotavirus vaccines available worldwide are: 1) RV5
vaccine, RotaTeq (Merck, USA), and 2) RV1 vaccine, Rotarix (GlaxoSmithKline,
Belgium). Both are oral and live attenuated vaccines and since licensure in 2006,
rotavirus vaccines have been introduced in more than 100 nations [154,155].

RotaTeq is composed of five bovine—human reassortant rotaviruses and is known to
confer protection against five common serotypes: G1-G4 with P7[5] and G6P1A[8]
genotypes [156]. Rotarix is a vaccine derived from a human-strain 89-12, with G1P[8]
genotype [157]. Similar dose and age schedules are followed for these two vaccines in
most countries worldwide. Clinical and surveillance studies have reported that the
vaccines are safe and effective in preventing severe rotavirus diarrhoea and mortality
associated with it and reported positive impact upon public health resources with higher
performance in countries with lower child mortality [154,155]. Interestingly, substantial
reduction of severe rotavirus disease by ~50-60% was observed in many low-income
countries [158,159,160] and shown higher effectiveness in high-income nations [161].
However, the mechanism of vaccines protection from RV infections is not fully
understood [162].

Environmental enteropathy (EE) is a disorder in children characterized by intestinal
inflammation and reduced gastrointestinal immunity. It has been linked to reduced
efficacy of vaccines [163] especially RV5 vaccine and there is possibility that preventing
EE may improve vaccine efficacy [164]. In addition, it has been observed that co-
administration of different oral polio vaccine (OPV) formulations with oral RV vaccines
reduces the effectiveness of the later [165]. Maternal antibodies and genetic variation in
the population is another factor that affects vaccine immunity. Further, the effect of IgA
antibodies in breast milk on vaccine immunogenicity is not clearly understood
[166,167,168,169]. It is evident that asymptomatic infections with specific RV strains in

newborns are associated with protection against the disease in adulthood thereby leading
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to development of vaccines for rotavirus in the recent year. In India, ROTAVAC is a
vaccine for rotavirus developed by the Bharat Biotech International, Hyderabad which is
based on rotavirus strain (116E) with G9P[8] genotype, has been licensed in 2015 and
included in universal immunization program (UIP) with initial introduction in four states
in 2016 and five additional states in 2017 in a phased manner [170,171]. Human
Neonatal Rotavirus Vaccine (RV3-BB) (PT Bio Farma, Indonesia/Murdoch Children’s
Research Institute, Australia) has been developed from a human strain, RV3 (G3P[6])
isolated from a asymptomatic infants in clinical trials in Australia and New Zealand
[172] and demonstrated positive cumulative effect irrespective of HBGA status [173].
Other vaccines include the Lanzhou lamb rotavirus (LLR) vaccine in China [172] and the
Rotavin-M1 in Vietnam [162,175]. To lower vaccine costs, RotaSIIL is a bovine
rotavirus pentavalent vaccine (BRV-PV) comprising of serotypes G1, G2, G3, G4 and
G9, developed by the Serum Institute of India Pvt. Ltd has been introduced in India and
Nigeria showing efficacy of 66.7% in infants in India [176,177,178]. RotaShield was the
first licensed vaccine (Wyeth, USA) which was withdrawn from the market due to cases
of intussusceptions (~1 case per 5,000 to 10,000 vaccinated children) [179]. Rotarix and
RotaTeq have a good safety record with a minimal associated risk [180]. However,
additional studies are required to further investigate intussusceptions events in
vaccinated children [181]. To overcome the risk associated with live attenuated vaccines
and low efficacy, efforts have been made to develop vaccine formulations that are non-
replicating, safe, immunogenic, and temperature insensitive [162]. For examples, some
of the under-investigation rotavirus vaccine candidates are inactivated rotavirus vaccine
(IRV), vaccine based on expressed VP6 inner capsid protein, virus-like particles (VLPs)
and VP8 expressed proteins (NRRV) [182,183].
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