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ABSTRACT

Diarrheal diseases are responsible for a whopping proportion of mortality and morbidity
all around the globe. It is the second largest killer of children, where most of the deaths
occurring in the under developed and developing nations of the world. Among different
etiological agents, the contribution of viruses to gastroenteritis incidences in humans is
well established. In this study, the prevalence of rotavirus, norovirus and enterovirus was
studied in the diarrheagenic patients from Himachal Pradesh, India. Rotavirus was the
most commonly identified viral pathogen during the study. It was detected in as high as
49% children (<S5 years of age) and 14% adults (>5 years of age). Enterovirus was present
in 5.6% of cases whereas norovirus had the least prevalence (1.4%). Rotavirus infections
were found to be significantly associated with vomiting and dehydration whereas the
trend of higher rates of fever was seen in children along with diarrhea. Seasonal
distribution of rotavirus infection reveals their year round prevalence. Genotyping of the
isolated rotavirus strains showed the predominance of an unusual G1P[6] genotype in the
region. Phylogenetic analysis of the VP7 genes of the Gl-isolates revealed belonging of
the Himachal isolates to a novel sublineage within lineage 1. Also all the strains were
distantly related to the vaccine strains and have 93.9%- 94.5% and 91.9%- 92.6%
similarities at the amino acid level with Rotarix and RotaTeq strains, respectively. The
comparative sequence and structural analysis of the Himachal strains with vaccine strains
revealed differences in amino acids in epitope region of the VP7 protein especially at the
antibody neutralization sites. The structures of VP7 proteins of the isolates and vaccines
strains were predicted via in silico analysis to see whether the amino acid differences in
the isolates and vaccine strains can render any effect on antibody binding to the proteins.
The outcomes of the in silico antigen antibody binding analysis revealed no considerable
effect of the mutations in the epitope region and antigen antibody binding energy

remained almost similar even after multiple variations in the amino acid sequence.

This study provides a baseline data on the epidemiological characteristics of
diarrheagenic viruses, especially rotavirus, in the region. The high prevalence of rotavirus
during the study period is indicative of a severe public health threat and warrants
immediate preventive measures against the deadly virus. The identification of unusual

rotaviruses in high proportions is an important finding of the study. Also, the isolation of

\



rotavirus strains with mutations in the antibody binding sites attracts more extensive

surveillance and molecular studies to be executed in the region.
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Chapter 1

Introduction



INTRODUCTION

Diarrhea is a major healthcare concern as it is responsible for a significant proportion of
morbidity and mortality around the globe. According to estimates, more than one million
deaths per year are attributed to diarrhea making it the second largest killer of children
across the world [1]. The major etiological agents of diarrhea include viruses, bacteria
and protozoan parasites. The role of viral pathogens in diarrhea is well established and
several diarrheagenic viruses have been reported to date [2, 3]. The disease burden
associated with the viral gastroenteritis has been well documented in the studies from all

over the world [4, 5].

Rotavirus, the RNA virus belonging to the family of Reoviridae is the major viral agent
which is responsible for diarrhea basically in children below the age of 5 years. Globally,
rotavirus is responsible for around 2 million hospitalizations [6] and approximately 0.2
million deaths annually [7]. The prodigious disease burden attributed to rotavirus can be
judged by the fact that rotavirus alone is responsible for around 40% of diarrhea
associated hospitalizations [8]. India is the leading nation in terms of number of rotavirus
infection associated deaths and accounts for 22% of the global mortality due to rotavirus
infections [7]. In a recent report from India, John and co-workers have shown that
rotavirus was responsible for 78,583 deaths, 872,000 hospitalizations, 3,270,000
outpatient visits and 11.37 million episodes of diarrhea in children [9]. These figures
reflect the substantial burden of rotavirus disease in the Indian population. Although
rotavirus is recognized as a pathogen responsible for diarrhea associated illness among
children at large, reports have also documented its ability to cause diarrhea in adults [10,

11]. However, the data related to rotavirus gastroenteritis in adults is limited.

Norovirus is also a major viral pathogen associated with diarrhea among all age groups in
humans. These single stranded positive sense RNA viruses are the leading cause of
gastroenteritis outbreaks and are important agents involved in sporadic diarrheal cases
[12, 13]. Out of the six (GI-GVI) genogroups of noroviruses, GII is accountable for the

majority of the norovirus associated gastroenteritis cases, followed by GI [14, 15].

Enteroviruses are single stranded RNA viruses, belonging to the Picornaviridae family
and they are responsible for a number of chronic and acute diseases in humans [16].

Enteroviruses are in fact a neglected pathogen for diarrhea but recent reports have showed



its significance as a diarrheagenic virus particularly in children [17-20]. Keeping in view
the mortality, morbidity and financial burden attributed to these viruses, it is imperative to
study their epidemiology. This will be crucial in formulating the preventive strategies

accordingly.

Among various viruses, rotavirus is the single most important etiological agent of
diarrhea and requires special attention. Rotavirus is a wheel shaped virus having a
segmented genome comprising of 11 segments of double stranded RNA (dsRNA) (Figure
1.1). The genome encodes for six structural (VP1, VP2, VP3, VP4, VP6, VP7) and six
non structural proteins (NSP1-NSP6). The genome is enclosed in a triple layered capsid.
The inner most layer is made up of VP1, VP2 and VP3; the intermediate layer is
composed of VP6 protein; and VP4 and VP7 proteins assemble to form outermost shell of
the virus. Rotaviruses are classified serologically into eight groups (A-H) on the basis of
VP6 reactivity [21]. Group A, B and C rotaviruses are reported to infect humans where
group A rotaviruses are accountable for the majority of morbidity and mortality in

humans.

VP4

VP6

dsRNA segments

VP7
VP2

VP1/VP3

Figure 1.1: Schematic representation of Rotavirus structure

The VP4 and VP7 proteins/encoding genes are used to genotype the rotaviruses in the
G/P- genotyping system. The VP7 (Glycoprotein) protein corresponds to G-type whereas
VP4 (Protease sensitive protein) protein represents the P-type [22]. According to recent
reports, 32 G-types (G1-G32) and 47 P-types (P[1]-P[47]) of rotaviruses have been
identified [23]. The most common genotypes isolated from humans are G1P[8], G2P[4],
G3P[8], G4P[8] and GIP[8] [24]. However, a number of other genotypes have also been



detected in significant fractions from time to time [25-27]. The relative frequency of the
various rotavirus genotypes varies with time and geographical location on the globe [28].
The other factors such as vaccine pressure also leads to the changing pattern in diversity

of circulating rotaviruses [29].

Rotaviruses are continuously evolving due to four major mechanisms: point mutation,
interspecies transmission, reassortment events and gene rearrangement [29]. The
mutations in the antigenic regions of VP7 and VP4 proteins lead to antigenic shift and
drift mechanisms which give rise to antibody escape mutants. The VP7 glycoprotein
contains 326 amino acids and spans across nine divergent regions (VR1-VR9) which are
variable among the various genotypes [30]. Four of the divergent regions, VRS (region A;
aa 87-101), VR7 (region B; aa 141-151), VR8 (region C; aa 208-224) and VR9 (region
F; aa 235-242) are considered to be the major antigen sites on the VP7 protein [31-33].
As reported by Aoki et al., two regions, 7-1 (includes epitopes from antigenic Regions A
and C) and 7-2 (includes antigens from antigenic region C) are the sites of mutations that

allow escape from neutralizing antibodies [34].

Currently, two rotavirus vaccines, Rotarix and RotaTeq are in use to protect from
rotavirus associated complications globally. Rotarix is a live, attenuated vaccine having
monovalent G1P[8] human rotavirus strain [35]. The pentavalent vaccine, RotaTeq
contains human-bovine reassortant rotavirus strains and have G1, G2, G3, G4 and P[8]
genotypes which are commonly found in humans [36]. The G1 component of the Rotarix
vaccine belongs to the Lineage-2 whereas RotaTeq- G1 belongs to Lineage-3 [37].
Recently an Indian biotech company developed an indigenous rotavirus vaccine
‘Rotavac’ which is serially passaged attenuated human-bovine reassortant rotavirus with
G9 and P[11] antigens. The phase III trials of the vaccine have shown encouraging
efficacy and makes it a great candidate to be included in the Universal Immunization

Programme (UIP).

India has recently introduced rotavirus vaccine in its UIP. It is crucial for the success of a
vaccination programme to have a thorough knowledge of the epidemiology and strain
diversity of the targeted virus in the region. The pre-vaccination data also helps in
studying the post-vaccination effect on strain diversity due to vaccine pressure. A large
number of reports have documented the prevalence and distribution of circulating

genotypes of rotavirus from different parts of the country. But the northern, mountainous



state, Himachal Pradesh is unexplored in this context. Apart from two reports by
Ramachandran et al. (1996) [38] and Jain et al. (2001) [39], there is no recent data on the
prevalence and diversity of rotavirus strains circulating in Himachal Pradesh. Also, the
samples screened in those studies from this region were very less (7 and 37). Therefore,
this study aims to get an insight into the prevalence of rotavirus along with enterovirus
and norovirus infections in this region and assess the genotypic diversity of prevalent
rotavirus strains in children and adults. Also, we have carried out in silico analysis to
study the interaction behavior of rotavirus VP7 specific antibody with the VP7 protein of

the isolates and compared them with the VP7 protein of the vaccine strains.

The work was carried out with the following objectives:

Objective 1: To generate a baseline data regarding the prevalence of Rotavirus,

Norovirus and Enterovirus in diarrheic patients in Himachal Pradesh.

Objective 2: To study the epidemiological, clinical and seasonal characteristics of

rotavirus infection.

Objective 3: To characterize the rotavirus strains for studying their molecular

epidemiology and diversity.

Objective 4: To carry out comparative analysis of the rotavirus G1 isolates and vaccine
strains for studying the effect of mutations on antigen-antibody binding using in silico

approach.
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REVIEW OF LITERATURE

2.1 Diarrhea

According to the World Health Organization (WHO), diarrhea is defined as passage of
three or more loose or liquid stools per day (or more frequently than is normal for the
individual). Diarrhea is usually a symptom associated with gastrointestinal infection by
pathogenic bacteria, viruses and parasites. The infection is usually spread through

contaminated food and water or from one person to another.
2.1.1 Epidemiology

Global estimates from WHO reveals that diarrheal diseases are among the top 10 causes
of deaths in humans and claim upto 1.5 million lives in a year [1]. Diarrhea affects
humans of all age groups but children below the age group of five years are more prone to
the morbidity and mortality associated with diarrhea [12]. Diarrhea is the second most
common cause of childhood mortality globally and kills about 1 million children in the
first five years of their life; out of which more than 0.2 million deaths occur in India alone
[1]. The most affected regions are Africa, Eastern Mediterranean and Southeast Asia

where diarrhea is responsible for 11%-12% of deaths under five years [1].
2.1.2 Etiological agents

Infectious diarrhea is caused by a variety of microorganisms including bacteria, viruses
and protozoan parasites. Majority of incidences of diarrhea in adults are the result of
bacterial infections whereas viral gastroenteritis is more common in children. Faeco-oral
is the most common mode of transmission of infectious agents of diarrhea. The overview

of etiological agents of diarrhea is depicted in Figure 2.1.
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Figure 2.1: Infectious agents of diarrhea

2.2 Diarrheagenic viruses studied in this study
2.2.1 Rotavirus
2.2.1.1 Rotavirus History

Acute diarrhea has been the cause of a whopping number of child deaths for centuries.
But no infectious agent could be recognized in around 80% of patients suffering from
severe dehydrating diarrhea. It was in the year 1973 that Ruth Bishop and his colleagues
identified 70 nm viral particles in the ultrathin sections of duodenal mucosa of children
suffering from acute gastroenteritis using electron microscopy [40]. This virus was having
a close resemblance with reovirus and orbivirus which were identified as a cause of
diarrhea in neonatal mice and calves. The wheel like appearance of the virus leads to its
name, Rotavirus (rota = Latin for wheel). After that, rotavirus has been identified as an

important cause of diarrhea in the young ones of many mammals and avian species [41].
2.2.1.2 Rotavirus epidemiology and associated illness

Rotaviruses are the most important cause of diarrhea in humans where children below the
age of 5 years are the most affected with this virus. This deadly virus causes 0.2 million
deaths (under the age group of five years) out of 1 million total diarrhea associated child
(<5 years of age) deaths each year [7]. Almost all children on the planet get infected with
rotavirus at least once before they reach the age of 5 with peak incidences occurring

below the age of 2 years [42]. In the recent Global Enteric Multicenter Study (GEMS),



rotavirus emerged as the leading cause of diarrhea in children [43]. This study from Asia
and Africa included a cohort of over 20,000 children. Although mortality due to diarrhea
has been reduced in recent times, there is no significant decline in rotavirus associated

morbidity [44].
2.2.1.2.1 Rotavirus epidemiology in India

Rotavirus associated illness is a critical healthcare concern in India. Estimates suggest
that in India, 1 out of every 345 children die due to rotavirus infection, 1 in every 31
children gets hospitalized due to rotavirus diarrhea and 1 in every 8 children requires
outpatient visits because of rotavirus. In other words, in India, rotavirus infections in
children results in 78,583 deaths, 872,315 hospitalizations and 3.2 million outpatient
visits annually [9]. This reflects into a significant economic burden for the nation. The
rotavirus associated hospitalizations costs INR 4.9 billion to the country each year. The

country spends additional INR 5.38 billion on outpatient visits [9].

2.2.1.3 Structure

The structure of rotavirus particles have been extensively studied using cryo-electron
microscopy (Cryo-EM) previously and then detailed architecture of the infectious particle
was studied using X-ray crystallography (Figure 2.2) [45-48]. The virus has ~18,550 bp
genome made up of 11 segments of double stranded RNA. The length of RNA segments
vary from 667 to 3302 nucleotides. The genome is immediately covered by three layers of
proteins generating triple layered particle (TLP), infectious in nature. The triple layered
particle is around 100 nm in diameter with icosahedral symmetry. The innermost layer of
the TLP surrounds the dSRNA genome and forms the core of the particle. The core shell
is made up of 120 copies of VP2 protein organized in dimer conformation on a T = 1
icosahedral lattice. This 120 sub unit icosahedral organization is unique and exclusively
found in dsRNA viruses. This organization is the result of different conformation adopted
by each monomer unit of a dimer. In one conformation, the VP2-A protein arrange
together around the five-fold vertices while VP2-B, in another conformation, remains
back and resides between adjoining VP2-A molecules [47]. Each subunit of the dimer can
be divided in three domains (apical, central and dimerization) with their N-terminal
residues facing in the inward direction towards the genome. It has been seen in the cryo-
EM structure of double layered particle (DLP) that the amino-terminus residues of VP2
protein (~1-100 of VP2-A and ~1-80 of VP2-B) have RNA binding ability and interacts
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with VP1 (RNA-dependent RNA polymerase) and VP3 (Viral RNA-capping enzyme).
This is further confirmed by the biochemical studies which showed that removal of amino
terminal residues from the VP2 protein results in non-incorporation of VP1 and VP3
protein complexes with the protein. Thus, it can be said that there is a polymerase

complex at each five-fold vertices which are
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Figure 2.2: Structural organization of rotavirus (Adapted from Estes and Greenberg, 2013 [S1]).
Figure depicts cryo-electron microscopy (cryo-EM) reconstruction of the mature triple-layered rotavirus
particle (TLP). The VP4 spikes (60 trimers) are depicted in red, the VP7 (780 trimers) surface glycoprotein
in yellow, the internal (middle) VP6 (780 trimers) layer in blue, and the core VP2 (120 dimers) layer in

green. Atomic structures of the viral proteins are also shown along with their locations in the virion.

held in place by interacting with the sub domains of many VP2-A and VP2-B monomers
[49]. VP1 and VP3 are present in very small proportions and form the core of the TLP
along with VP2. Prasad et al. revealed the exact location and orientation of the minor
proteins in the core [50]. The VP1 and VP3 proteins are present as a heterodimer attached
to the VP2 layer from inside at each 12 five-fold vertices. This unique organization of the
innermost layer in the virus is supposed to carry out two purposes. First is to properly

position the transcription enzyme complex and other one is to organize the dsRNA
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genome for endogenous transcription. Outer to the inner most layer lies the intermediate
layer having T = 13 icosahedral symmetry [52]. The intermediate layer is made up of 260
trimers of VP6 protein and is comparatively thick. This protein has two sub domains, the
eight stranded, antiparallel B-barrel make the distal domain which is in contact with the
VP7 layer and lower domain formed of a-helices which interact with the inner VP2 layer.
The VP6 exists as trimers stabilized by Zn®" and interact with the VP4, VP7 and VP2
proteins through the conserved residues. The base of the VP6 protein layer has negative
electrostatic potential and its interaction with VP2 is mainly hydrophobic. Whereas the
interaction of VP6 with the outer layer proteins (VP4 and VP7) generally involves
charged amino acid residues. In solution, VP6 never forms the T=13 icosahedral
conformation like in DLPs. Therefore it is believed VP2 proteins have all the information
and thus forms a scaffold to arrange VP6 protein in T=13 icosahedral conformation. The
VP6 layer serves a dual function by stabilizing the fragile VP2 layer by binding to the

VP2 protein and to act as an adaptor for the outer layer proteins.

Cryo-EM analyses of the rotavirus particles have generated a lot of information on the
outer most layer of the virus [50, 53-55]. The outer most layer of TLPs is made up of two
proteins, VP4 and VP7. The VP7 protein is a glycoprotein and present in 780 copies
whereas VP4 is a protease sensitive protein and exists in 120 copies. The 780 VP7
proteins oligomerize to form 260 trimers and reside at the three-fold axes of T=13
icosahedral lattice. The trimers are stabilized by the presence of two calcium ions
between the subunits accounting it to six Ca>" ions per trimer. The amino terminus of
VP7 anchors the underneath VP6 layer [45, 46] and also remains in contact with adjacent
VP7 trimers which gives integrity and stability to the outer layer. In the outer layer, 132
aqueous channels are present which are spanning the outer and intermediate layer upto a
depth of around 140A and arranged at all the five- and quasi six-coordinated axes of the
lattice in T=13 conformation. These channels help in to and fro movement of aqueous
material and biochemical molecules (eg. NTPs, nascent RNA) in and out of the particle.
The aqueous channels in the capsid can be divided into three distinct types on the basis of
their location and characteristics- Type I, Type II and Type III. The VP4 proteins are
embedded in the VP7 layer as 120 A long 60 trimeric spikes originating from the type II
channels. The VP4 protein has a large globular region buried in the inner most layer

which makes the total length of the spike to 200 A [56, 57].



2.2.1.4 Genome structure and organization

Eleven segments of double stranded RNA lies within the triple layered capsid. The
transcription enzyme complex is present at the inner surface of innermost capsid layer
which simultaneously transcribes all the segments of genome [58-60]. Data from
hydrodynamic studies have shown that RNA segments cannot be packaged into the
virions until they interact intimately with virion proteins [61]. Cryo-EM analysis revealed
that in dsRNA viruses, dsSRNA acquires dodecahedral structure where RNA double
helices interact closely with VP2 layer surrounded by transcriptional complexes present at
the icosahedral vertices. The interaction of VP2 with VP1 is required for the replicase
activity. According to a plausible model based on biochemical and structural data it is
hypothesized that each RNA segment spools around the transcription complex (VP1 and
VP3) which is further attached to the VP2 protein layer at the five-fold axis [62, 63]. The
gene structure of all the species of rotavirus share some general features. The positive
sense RNA segment has a guanidine at 5’ end followed by a set of conserved sequences.
It is followed by an open reading frame which is ending with the stop codon. Next to stop
codon lies a set of conserved 3’ sequences with two cytidines at 3’ terminus. mRNA from
all the segments have the consensus sequence UGUGACC at their 3’end, which plays an
important role in replication and transcription. The genes lack polyadenylation at the
3’end. All the genes of the genome are monocistronic except gene 11 which codes for

NSP5 and NSP6.
2.2.1.5 Rotavirus proteins and their functions

The rotavirus dsSRNA genome encodes a total of twelve proteins, six structural (VP) and
six non-structural (NSP). The proteins are named on the basis of their molecular weights.
VP1 is the largest protein with the molecular weight of 125 kDa whereas the smallest
protein, VP8* has the molecular weight of 28 kDa. The structural proteins form the triple
layered capsid of the virus. The non structural proteins except NSP1 are responsible for
virus replication and pathogenesis. The various properties and functions of the different

structural and non structural proteins are depicted in Table 2.1.
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Table 2.1: Rotavirus structural and non-structural proteins (Adapted from Pesavento et al, 2006 [64])

Post-translational

Gene segment | Protein Mass (kDa) modification Functional properties
1 VP1 125 i RNA-dependent RNA polymerase, RNA binding,
interacts with VP2 and VP3
2 VP2 95 Cleaved RNA binding, interacts with VP1
Guanylyl and methyl transferase, ssSRNA binding,
3 VP3 88 - ) i
interacts with VP1
VP4 Hemagglutinin, neutralization antigen, virulence,
4 85 (58+27) Cleaved protease-enhanced infectivity, cell attachment,
(VP5*+VP8*) fusi .
usion region
5 NSP1 53 - RNA binding, antagonist of interferon response
6 VP6 45 - Hydrophobic trimer, group and subgroup antigen
7 NSP3 34 i Important for viral mRNA translation, PABP
homologue, RNA binding, interacts with eIF4G
Important for genome replication/packaging,
8 NSP2 35 - main constituent of viroplasm, NTPase, RNA
binding, interacts with NSP5
Cleaved signal sequence, . .
9 VP7 34 high mannose glycolsylation RER 1n‘tegtal membrane g+12’ coprotetn,
o neutralization antigen, Ca ~ binding
and trimming
Uncleaved signal sequence, . .
10 NSP4 20 high mannose glycolsylation RER transmembrgne glycoprotgm, role in
. morphogenesis, viral enterotoxin
and trimming
1 NSP5 26 Phosphorylayed, O- Constituent of viroplasm, interacts with NSP2,
glycosylated RNA binding, Protein kinase
11 NSP6 11 - Constituent of the viroplasm, interacts with NSP5

—
—




2.2.1.6 Epitopes in VP7 protein

In the present study, we have carried out the epitope analysis of the VP7 proteins of
vaccines strains and isolates of rotaviruses; therefore the structural insight into the epitope
of VP7 is discussed in detail here. VP7 protein forms the outer most shell of the rotavirus
and is the protein which induces the immune response in the host. The protein occurs in
trimeric conformation where each subunit organizes itself into two domains with
disoriented N- and C-terminals and reside at the three-fold axes of T=13 icosahedral
lattice (Figure 2.3). The subunits bound two Ca’" ions at their interface. Aoki et al.,
reported the crystal structure of VP7 protein where they reported two regions, 7-1 and 7-
2, on the exposed surface of the protein which have the neutralization escape mutation
sites [34]. Both regions include several epitopes. Region 7-1 is immunodominant and is
spread over the inter-subunit boundary. It contains mutation sites for antibody escape for
58 tested mAbs. The antibodies which bind to this region simultaneously bind to two

adjacent subunits, thus stabilizing the trimers and inhibiting their disassembly [46].

Figure 2.3: Location of neutralization escape mutation sites on VP7 protein (Adapted from Aoki et
al., 2009 [34]). Region 7-1 is located at intersubunit boundary; 7-1a (red) on one side and 7-1b (pink), on
the other. Residues in 7-2 are depicted in blue color. Sites at which amino acid mutations results in

neutralization escape are shown in orange. Residue 211 is indicated by an asterisk.

Region 7-2 is located at the inter-domain within a VP7 subunit. The antibodies binding to
this region may neutralize by a different mechanism. It was suggested that antibodies
binding to region 7-2 may be cross linking the adjoining trimers and thus stabilizing the

VP7 layer on the surface of the viral particle. The amino acid sequence at 87 to101 and
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208 to 211 positions are conserved within a particular serotype and can be used to carry

out genotyping studies [65].
2.2.1.7 Replication

Rotaviruses are transmitted through faeco-oral route and infect enterocytes in the villus of
the intestine. The replication process occurs exclusively in the cytoplasm (Figure 2.4).

The major steps involved in the replication cycle are depicted below:
Attachment and cell entry:

Being on the outer surface of the viral particle VP4 and VP7 protein have a crucial
involvement in the entry of the rotavirus into enterocytes. A number of studies have
shown a significant role of VP4 protein in attachment and cell entry [66, 67]. VP4 is a
protease susceptible protein and it cleaves into its functional form before entry of
rotaviruses into a cell. The cleavage is facilitated by the presence of large numbers of
proteases in the small intestine. This proteolytic cleavage of VP4 protein increases the
infectivity of the viral particle by several fold [68-70]. After undergoing proteolysis, VP4
protein cleaves into two fragments, VP8* (aa 1-247) and VP5* (aa 248-776). These
fragments remain non-covalently associated with each other on the surface of the virion

[71,72].

The entry of viral particles into the host cell is a sequential multistep process where firstly
the VP8* protein binds with the sialic acid receptors on the host cell membrane followed
by interaction of the VP5* protein with heat shock cognate protein 70 (hsp70) and avp3,
04p1, a2Blintegrins. However not all the rotaviruses, including human rotaviruses enter
the cell by attaching with the sialic acid leading to sialic acid-independent entry [73]. This
shows that VP5* protein is the main protein in mediating the cell entry. Structural
analysis of VP4 protein reveals rigidification of the spikes post proteolysis which helps in
binding of the protein with the receptor. VP7 plays a crucial role here by assisting the
appropriate digestion of VP4 by trypsin. Once the virion gets attached to the cell surface,
the process of entry starts by internalization of TLPs either by direct penetration or by
endosome mediated pathway. The lipophilic nature of the body of VP5* protein is
supposed to be the crucial feature in rotavirus entry through the plasma membrane which
is assisted by the exposed three hydrophobic loops on the apex of VP5* [74]. The TLPs

are trafficked to the early endosomes which has a low Ca*" concentration. This leads to
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the disassembly of the VP7 layer [75, 76] and activates VP5* to penetrate the endosomal
membrane [77, 78]. The disassembly of the outer capsid results in the sub viral double
layered particles which are released in the cytoplasm of the cell. /n vitro studies reveal
that a virus takes 60 to 90 minutes after binding to get completely internalized. Although
it has been observed that different rotavirus strains employ different endocytic pathways

to enter the host cell [79].

E Endocytosis
\ Endosome

f Replication

& Assembly / MJ—O
E — @ Viroplasm

RI\IAO_/' ~ Transcription

Figure 2.4: Rotavirus replication cycle. Rotavirus particle enters the enterocytes with the help of cellular
receptors or by direct endocytosis. DLPs are generated in the endosomes and become transcriptionally
active to yield (+) sense RNA molecules in the cytoplasm. The RNA molecules either undergoes translation
to synthesize proteins required for asssembly of virion particles or replication to synthesize double stranded
RNA genomes. The replication and assembly of viral components occurs in the viroplasm. This yields
progeny DLPs which bud into the endoplasmic reticulum to acquire their outer most layer. In the final step,

the virus particles release from the cell either by lysis or by traficking pathways.



Transcription

The transcriptionally active DLPs enter the cytoplasm to commence the next step of the
replication cycle. Here the transcription machinery within DLPs transcribes the negative
sense RNA of 11 segments of dsRNA into capped, positive sense RNAs [80]. The
transcription machinery is made up of an RNA-dependent RNA polymerase complex
which includes VP1 and VP3. VPI is a hollow, globular protein and acts as the catalytic
subunit of the complex. Similar to other members of the Reoviridae family, VP1 protein
has a conserved, ‘right handed’ polymerase domain which is surrounded by amino and
carboxy terminal domains [81, 82]. The catalytic centre of the protein harbors four
tunnels which help in the movement of NTPs, template RNAs and newly synthesized
mRNAs in and out of the enzyme. The nascent RNA leaves the DLP through type I
channels that are present at the five-fold vertices [83]. But before leaving the protein
complex, the nascent RNA chain acquires a 5’ cap that is catalyzed by the
guanylyltransferase and methyltransferase activity of VP3 [84]. Though it is not yet clear
what sparks the initiation of transcription as soon as TLPs convert to DLPs. But structural
studies suggest that removal of the outer layer results in dilation of the channels because
of outward movement of the VP2 and VP6 proteins at five fold vertices which results in

the influx of metabolites required for transcription [46, 85].
Genome replication and core assembly

After transcription, the newly synthesized positive sense RNA serves one of two
functions. First is to undergo translation to synthesize viral proteins and second is to serve
as template for genome replication. The role of two non-structural proteins, NSP2 and
NSPS5 is crucial in carrying out the replication. These proteins co-localize with the
transcriptionally active DLPs and form electron dense inclusion bodies which are termed
as viroplasms [86]. These viroplasms are the site of genome replication and partial
packaging in the cytosol and appear after 2-3 hours of infection. NSP2 occurs as a
doughnut-shaped octomer which interacts with RNA and NSP5 at the same time [87-90].
NSPS5, a 22 kDa phoshoprotein rich in Ser and Thr residues binds with both RNA and
NSP2 [89, 90]. A working model of replication and packaging can be elucidated on the
basis of various biochemical and structural studies. Studies have identified three major
regions in the template RNA for efficient negative strand synthesis. These are the 5’

UTR, 3’-consensus sequence (5'-UGUGACC-3") and 3’-UTR upstream of the consensus

15



sequence [91-94]. A single copy of VP1 protein binds with each positive sense viral RNA
at their 3’ ends by recognizing the conserved UGUG sequence on the viral RNA [82, 91].
The 5’UTR and 3’UTR serves in giving a panhandle shape to the mRNA which makes
the 3’consensus sequence accessible to the polymerase [95]. Also it is believed that
3’UTR contains recognition signals that lead to the binding of the viral RNA polymerase,
VP1 to template mRNAs [96]. It requires a decamer of VP2 proteins to activate each VP1
protein and prepare it for replication. NSP3 is supposed to transport viral mRNA to the
viroplasms for their subsequent replication. The genome is packaged within DLPs which
is also carried out in viroplasms. NSP5 and NSP2 proteins play a vital role in packaging
of genome and formation of DLPs as well. However an understanding of the exact
mechanism for how the encapsulation occurs with such efficiency that a DLP gets only a

single copy of each segment is still very limited.
Genome Translation

The translation of viral proteins occurs in the cytosol of host cell. The role of the non-
structural protein, NSP3 is crucial in facilitating the translation of viral RNA. NSP3
functions as a homodimer where its N terminal binds with the 3’ consensus sequence of
viral mRNA whereas the C terminal interacts with elF4G to help in the delivery of

mRNA to cellular ribosomes for protein synthesis.
Maturation and release

After the accumulation of DLPs in the viroplasms, they move towards the endoplasmic
reticulum to mature into TLPs after achieving their outmost layer. NSP4 is an integral
membrane protein which acts as a receptor for DLPs and helps in their budding within the
endoplasmic reticulum. NSP4 recruits both DLP and the VP4 protein to the cytosolic face
of the endoplasmic reticulum and attaches the VP4 to the VP6 layer by some unknown
mechanism [97, 98]. The NSP4-DLP-VP4 complex buds into the endoplasmic reticulum
followed by assembling of VP7 proteins on the surface of the DLP. The fully assembled
TLPs exit the host cell by more than one mechanism. Some in vitro studies have
suggested the release of viral particle by direct lysis [99] whereas others have proposed

the involvement of secretion pathways for viral release [100].
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2.2.1.8 Pathogenesis

Rotaviruses enter the human body through an oral route and infect the enterocytes on the
small intestine. The enterocytes are non-proliferating epithelial cells which perform
digestive and absorptive functions. The prominent symptom associated with rotavirus
infection is diarrhea. A number of studies have studied the mechanism of diarrhea
induction post infection [72, 101-105]. From these studies it become evident that
rotavirus associated diarrhea is multifactoral and induced by multiple mechanisms (Figure

2.5).
Malabsorption

Rotavirus infection in enterocytes leads to diarrhea because of many factors including
loss of absorption capability of intestinal cells. This is known as malabsorption. Once the
virus infects the enterocytes, they cause an increase in the intracellular concentration of
Ca”" ions likely because of the action of NSP4 [106]. This disruption of Ca’” homeostasis
within the cell leads to a series of events which leads to reduction in absorption by
enterocytes. Increased Ca’ leads to disruption of the cellular skeleton because of damage
to Ca’" sensitive proteins including F-actin, villin, and tubulin and subsequent lysis of
cells [107, 108]. The NSP4 proteins release from the infected cells and have a paracrine
effect on nearby cells. They bind to an unknown receptor on healthy and uninfected cells
and trigger a phospholipase C—inositol 1,3,5-triphosphate (PLCIP3) cascade that induces
the release of Ca’" from the endoplasmic reticulum and thus leads to an increase in
intracellular Ca®" concentration. NSP4 also causes disruption of tight junctions located

between cells which results in paracellular leakage [109, 110].

Rotavirus infection also causes disruption in Na" and K balance in the cell which impairs
NaCl and nutrient absorption resulting in fluid loss [111]. The expression of various

essential digestive enzymes also gets affected following rotavirus infection [112].
Secretion

NSP4 acts on the crypt cells to increase CI secretion and increased outflow of water. For
this, NSP4 is supposed to itself form a channel or it may activate a Ca®" activated anion
channel [113]. However it is not well established but NSP4 protein also stimulates the
enteric nervous system (ENS) to induce secretion of water and electrolytes which results

in diarrhea. The secretion of prostaglandins and chemokines from infected cells could
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Figure 2.5: Different mechanisms by
diarrhea.
(Adapted from Ramig et al. 2004
[116]) (A) Viral particles infect the

which rotavirus causes

enterocytes and form viroplasms (Vi)
followed by release of NSP4 (red
triangles). (i) Intracellular NSP4
induces release of Ca®" from the
(blue),

C a2+

endoplasmic reticulum

increasing intracellular
concentration. (ii) The viral particles
from the initial cell releases and infect
other cells. NSP4 disrupts the tight
junctions which lead to paracellular
flow of water and electrolytes (green
arrow). (iii) Binding of NSP4 to a
specific receptor on a cell triggers a
signalling cascade through PLC and
IP3 that results in release of Ca*" and
thus an increase in Ca”" concentation.
The increase in Ca®" concentation
results in disruption of the microvillar
cytoskeleton. (iv) The brown cell in the
figure represents a crypt cell. NSP4
stimulates ENS to increase the
intracellular Ca>" concentration which
leads to increased CI secretion. (B)
Normal architecture of the small
intestine. This panel depicts the ENS
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also contribute in stimulation of ENS and thus contribute to the secretory component of

rotavirus diarrhea.
Villus ischemia

In some studies, along with other physiological symptoms, villus ischemia has been
observed in rotavirus infected mice [114, 115]. This could be due to the release of some
unknown vasoactive agent from infected cells which could functionally damage the

enterocytes.
Intestinal motility

Rotavirus infection results in increased intestinal motility owing to the activity of ENS or

other rotavirus induced factors [116].
2.2.1.9 Rotavirus classification and strain diversity

Rotaviruses belong to the genus Rotavirus in the family Reoviridae [116]. The
employment of Immunoflourescence and RNA fingerprinting techniques have helped in
differentiating rotaviruses into different species or group [117, 118]. The basis of
classification of rotaviruses in species is based on the serological characterization of
intermediate capsid protein, VP6 [119]. On this basis, rotaviruses are classified into eight
groups or species (RVA-RVH) [21]. Among eight groups, RVA, RVB and RVC are
found to infect both humans and animals whereas group D, E, F, G and H are identified
exclusively in animals. Group A rotaviruses are responsible for almost 90% of infections
in humans and they are important cause of diarrhea in the young ones of mammalian and
avian species. RVBs are commonly found to infect adults and a major rotavirus species
involved in the rotavirus associated epidemics particularly in Asia. RVCs are also found
to cause diarrhea outbreaks particularly in infants and children. Because of the segmented
nature, the genome of rotaviruses belonging to the same group undergoes frequent
reassortment [120, 121]. However exchange of gene segments among different groups
has not been observed. Within group A, rotaviruses are further differentiated into four
subgroups (SGI, SGII, SGI1II, and SG nonl-nonll) based on the reactivity with subgroup
specific mAbs directed towards VP6 [122-125]. Additionally, within RV A, rotaviruses
are classified into different serotypes on the basis of reactivity of surface proteins in
plaque reduction neutralization assays where hyperimmune serum from antibody negative

animals are used to neutralize the VP4 and VP7 proteins on the virus. Accordingly, 27
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VP7 types have been identified but the lack of diverse typing serum or mAbs has
hampered VP4 classification. The advancement in the molecular techniques such as
reverse transcription-Polymerase chain reaction (RT-PCR) and ¢cDNA sequencing have
gave birth to an advanced classification system where VP7 and VP4 are classified on the
basis of their gene sequence. This is G/P-genotyping system where G represents VP7
gene (Glycoprotein) and P stands for VP4 gene (Protease sensitive protein). To date 32
G-types (G1-G32) and 47 P-types (P[1]-P[47]) of group A rotaviruses have been
identified [23].

Table 2.2: Group A rotavirus genotypes identified till date [23]

Number of

S.No. Protein Genotype genotypes

identified
1 VP7 G 32
2 VP4 P 47
3 VP6 I 24
4 VP1 R 18
5 VP2 C 17
6 VP3 M 17
7 NSP1 A 28
8 NSP2 N 18
9 NSP3 T 19
10 NSP4 E 24
11 NSP5 H 19

In 2008, Rotavirus Classification Working Group (RCWG) developed a complete
genome classification system on the basis of nucleotide sequence of each of the segment
of rotavirus genome [126]. According to this system, a specific genotype was assigned to
each of the 11 gene segments. The VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-
NSP4-NSP5/6 genes of rotavirus strains are described using the abbreviations Gx-P[x]-
Ix- Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (x = Arabic numbers starting from 1), respectively
[126]. The number of each genotype identified to date have been depicted in the Table

2.2.In 2011, RCWG proposed a nomenclature system for rotavirus strains which depicts
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rotavirus as ‘RV group/species of origin/country of identification/common name/year of

identification/G- and P-type’ [22].
2.2.1.10 Detection of rotavirus

Although rotavirus infection is associated with a number of clinical symptoms, they are
not distinctive enough to manifest the presence of rotavirus as an etiological agent.
Therefore, for accurate diagnosis, it becomes necessary to detect virus or virus antigen in
the biological samples of the patient. The preferred choice of sample is the fecal specimen
however rectal swabs can also be used. Since 1973, a number of methods have been

developed to detect rotavirus, such as:

1. Electron microscopy (EM)

Complement fixation and counter immunoelectrophoresis (CIEOP)
Radioimmunoassay (RIA)

Enzyme immunoassays (EIA)

Polyacrylamide gel electrophoresis (PAGE)

Latex agglutination

Cell culture based detection

® NS kW

Reverse transcription-Polymerase chain reaction (RT-PCR)
These methods are discussed one by one:
1. Electron microscopy (EM)

Electron microscopy is the oldest method to detect rotavirus in the stool specimens [127-
130]. In this method, the rotaviruses were negatively stained before visualization under an
electron microscope. This method enjoys the advantage of high specificity because of the
distinctive morphology of rotaviruses. However, the method has been continuously
modified over the period of time to increase its efficiency. The advancement of this
technique leads to immune electron microscopy which employs antibodies specific to the
virus. This technique has increased sensitivity than the orthodox method. Moreover it can
differentiate between morphologically similar groups; i.e. A, B and C rotaviruses. Further
advancement in immune EM gave rise to solid-phase immune electron microscopy. In
this method, grids are coated with protein A followed by antibodies. After a rinse, the
viral particles are added to them before negative staining. This technique showed 30 times

more sensitivity than direct EM [131].
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2. Complement fixation and counterimmunoelectrophoresis (CIEOP)

Complement fixation and counterimmunoelectrophoresis (CIEOP) were the first
serological tests employed for the detection of rotavirus. Complement fixation assays are
cheap, reliable and assists simultaneous screening of large number of samples [132, 133].
The sensitivity of these assays was comparable to EM but less than solid-phase

immunoassays.

A number of groups have contributed in the development of CIEOP for the detection of
rotaviruses [134-136]. This method became popular because of its quick protocol and
high specificity. But this method suffers from the limitation of low specificity which is

even less than electron microscopy [137, 138].
3. Radioimmunoassay (RIA)

Radioimmunoassays were the next techniques to be developed for detection of rotaviruses
[139-142]. This technique was very sensitive but suffers from some limitations including
short shelf life of the radio labelled antibodies and complex disposal requirement for the
radioisotopes. Thus they were soon replaced by enzyme immunoassays which were

similar in performance but lack the limitations associated with radioimmunoassay.
4. Enzyme immunoassays (EIA)

Enzyme immunoassays (EIA) are the most widely used method for diagnosis of
rotaviruses. These are based on the detection of antigens present on rotaviruses in stool
specimens. First ELISA developed for rotavirus detection was of the direct type [143,
144]. These were advantageous because of the requirement of only one antiserum. Also
these were faster in comparison with indirect immuno sorbent assays. But the large scale
rotavirus surveillance studies now a days prefer EIA in which rotavirus specific
antibodies are attached to the plastic plates and antigens in the sample are captured over
them. The detection of antigen is done through a colorimetric reaction where a second
rotavirus specific antibody coupled with an enzyme is allowed to bind to the antigen. This
EIA format has high sensitivity and specificity and can detect a large number of samples
simultaneously in the 96-well plate format. The results can be either visualized or can be

recorded on a colorimeter.
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A large number of ELISA or EIA rotavirus detection kits are commercially available. As
studied by a number of studies, all the kits have variable sensitivity and specificity. The
World Health Organization recommends two EIA kits to be used in large scale
surveillance programmes: Premier Rotaclone (Meridian Biosciences; Cincinnati, Ohio)
and IDEIA Rotavirus (Oxoid (Ely) Limited Thermo Fisher Scientific, Cambridgeshire,
United Kingdom). Along with group A rotaviruses, a number of EIA kits have been
developed for the detection of group B and group C rotaviruses and for measurement of
antibodies against these rotaviruses. In the present study, we have used ELISA for the

preliminary screening of rotaviruses in the stool samples of diarrheic patients.
5. Polyacrylamide gel electrophoresis (PAGE)

The dsRNA segments of the rotavirus genome can be detected by running on
polyacrylamide gel followed by silver staining. The different segments of the genome
have different molecular sizes. On electrophoresis, the negatively charge dsRNA
segments travel through the gel and get separated on the basis of their size. The pattern of
dsRNA migration on the gel can be visualized by staining with silver nitrate. Silver
staining is a sensitive technique used to detect nucleic acids in a polyacrylamide gel and
can detect even small amounts of nucleic acid. The dsRNA isolated from Group A
rotaviruses can be categorized into four classes: four large high molecular weight
segments (1 to 4), two medium-sized segments (5 and 6), three small segments (7 to 9),
and the two smallest segments (10 and 11). Rotaviruses exhibit two types of RNA
migration patterns ‘long’ and ‘short’ on the basis of the relative migration of segments 10
and 11. The short electrophoretic pattern has a larger segment 11 that migrates between
gene segments 9 and 10 [145]. Although most of the group A rotaviruses have long or
short migration pattern, a super short electropherotype has also been reported. This
technique is a great tool for detection of rotaviruses but also serves for studying the
molecular epidemiology of the virus. Though this method is relatively time consuming
and requires a trained professional, it has the advantage of lack of ambiguity in the

results.
6. Latex agglutination

In this method, latex particles are coated with anti rotavirus IgG which reacts with the
rotavirus particles in the stool specimens, resulting in agglutination. One drop of clear

stool suspension is mixed with test latex reagent and other drop is mixed with control
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latex reagent. Agglutination reaction with test latex reagent represents rotavirus positivity
in the sample. This method is very rapid and takes only 2 to 5 minutes. Although these
tests have excellent specificity, sensitivity is 4-10 times less in comparison with ELISA,

electron microscopy and PAGE [146-149].

7. Cell culture based detection

Both human and animal rotaviruses have been successfully cultivated in monkey kidney
cells by proteolytic activation of the virus in the presence of trypsin [150-152]. The cell
culture of rotavirus particles followed by immunofluorescence microscopy can be used as
a method to detect rotaviruses in stool specimens. However, this method is cumbersome,
time consuming and requires extensive laboratory facilities and expert handling. Also, the
sensitivity of this culture method for detection of rotaviruses is less widely used than
ELISA [153]. These limitations make this method unsuitable for large scale surveillance

studies.
8. Reverse transcription-Polymerase chain reaction (RT-PCR)

Since the introduction of PCR in 1983, it has been extensively employed for diagnostic
applications. RT-PCR method is the most sensitive method for rotavirus detection. The
majority of PCR are developed for the detection of Group A rotaviruses but group B and
C detection PCRs are also available. For the detection of rotaviruses, the primers are
designed targeting the VP6 gene whereas for genotyping, the primers are directed towards
the VP7 and VP4 coding genes. Along with detection, the characterization of rotaviruses
can also be done using RT-PCR. The genotyping is done by semi-nested RT-PCR where
viral RNA is reverse transcribed and amplified in the presence of consensus primers for
genes specific for G or P serotypes [154-156]. The designed primers are homologous to
different serotypes and can amplify most of the rotavirus strains. The amplicon from the
first round PCR are used as a template in the second PCR where one consensus primer
and a mixture of genotype specific primers yields product of different sizes on the basis
of a particular genotype. The genotypes can be determined on the basis of the size of

amplified product by subjecting them to agarose gel electrophoresis.

The advancements of PCR technique lead to invention of real time-PCR (qPCR). Along
with conventional PCR, the use of real time PCR as a diagnostic method is increasing

exponentially. It has been reported that the sensitivity of real time RT-PCR is 2-4 logs

24



greater than conventional RT-PCR [157]. This technique is finding great applications in
studying the viral load and gauging the severity of the disease [158-160].

2.2.1.11 Rotavirus strain diversity

Human rotaviruses make a highly diverse group. Until now, studies have reported 32 G
genotypes (G1-G32) and 47 P genotypes (P[1] — P[47]) [23]. Most commonly isolated G
and P types are G1, G2, G3, G4, G9, G12 and P[4], P[8] and P[6] respectively [24]. The
genes encoding the VP7 and VP4 proteins segregate independently and give rise to a
large number of G-P combinations. Studies from different parts of the globe disclose the
existence of more than 70 diverse G-P combinations. Out of these, G1P[8] (25.3%),
G2P[4] (12.5%), G12P[8] (10.0%), G3P[8] (7.6%), G4P[8] (6.3%) and GIP[8] (5.7%)
are globally predominant and account for approximately 74% of rotavirus infections
globally [161, 162]. Along with the common and usual strains, a number of surveillance
studies from different parts of the world have reported the existence of many rare and
uncommon strains in humans. With the advancement of molecular techniques such as
RT-PCR and sequencing analysis, there is an exponential increase in the population of
uncommon and newly detected novel strains. The evolution of rotaviruses is the result of
four mechanisms: point mutation, interspecies transmission of partial or whole virus,
reassortment events during co-infection of two different viruses in a common host and
gene rearrangement that preferably targets non-structural protein (NSP) coding segment
of the genome. These mechanisms occur separately or in combination with each other and

result in an elevated diversity of rotaviruses.
1. Point mutation

Point mutations (resulting in genetic drift) are one of the major mechanisms responsible
for rotavirus diversity. Rotavirus genome suffers from frequent point mutations which
occur at the rate of approximately one mutation per genome replication [163]. These
mutations accumulate and give rise to genetic lineages [164] and neutralizing antibody

escape mutants.
2. Genetic reassortment

Reassortment (antigenic shift) is a well studied and established phenomenon responsible
for continuous evolution of human rotaviruses. It occurs when two or more strains co-

infect a single cell. The segmented nature of the rotavirus genome facilitates the
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occurrence of reassortment events (Figure 2.6A). Evolutionary studies suggests that
Group A rotaviruses that infect humans belong to two major (Wa-like and DS-1-like) and
one minor (AU-1) genotype constellations which are designated as [1-R1-C1-M1-A1-N1-
T1-E1-H1, 12-R2-C2-M2-A2-N2-T2-E2-H2 and 13-R3-C3-M3-A3-N3-T3-E3-H3,
respectively [165]. The human Wa-like rotavirus strains have a common origin with
porcine rotaviruses whereas human DS-1 like rotavirus strains share a common origin
with bovine rotaviruses [126]. Multigenic reassortment occur frequently within a
genogroup (genotype constellation), however reports of intergenogroup exchange of
genes are not widely reported. Although, the role of the latter is significant in the

evolution of human rotaviruses [166].
3. Interspecies transmission

Along with point mutations and reassortment events, the mechanism responsible for
evolution of rotaviruses and their subsequent diversity is through transfer of whole animal
virus or their genes in humans (Figure 2.6B). Although transmission of animal origin
rotaviruses in humans is not observed frequently, still it has been documented to cause
asymptomatic to severe diarrhea in humans [29]. The unusual strains of bovine and
porcine origin are generally identified in humans living in rural settings where they are
involved in cattle rearing and hence are in close proximity to animals. The evidence of
animal to human whole virus transmission comes from the genomic analysis of some
rotaviruses isolated from humans where they have all 11 segments from animal
rotaviruses [167, 168]. In comparison to transmission of whole virus, transfer of gene
segment from other species to humans is a frequent event. During co-infection, the gene
segments of animal rotaviruses transfers to human rotaviruses and give rise to human

infecting reassortants with a part of the genome derived from animals [169].
4. Genome rearrangement

Genome rearrangements such as deletions, duplications and insertions also results in
diversification of the rotaviruses. These rearrangements bring in mutations in the genome
and thus results in mutated protein structures and leads to viruses having novel
characteristics. NSP5 and NSP6 encoding gene segment 11 of the rotavirus genome is
most prone to rearrangement. However, segments 5-10 are also reported to have

rearrangements [170]. The first report of such rearranged gene segments came in 1980s
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when genome analysis of the rotaviruses from immune deficient children was carried out
[171].

Strain A Co infection Strain B

Reassortant1l Reassortant2

(2]

Porcine
Interspecies transmission Bovine

""""""""""

C

Direct
Porcine— human transmission

Interspecies transmission
v v o o

New reassortant
virus

Figure 2.6: Mechanisms of rotavirus evolution (A) Reassortment in rotavirus. Co-infection of two
different rotavirus strains (A and B) results in the generation/appearance of reassortants due to exchange of
gene segments. The resulting reassortants acquire the gene segments from both the host. Reassortant 1
carries two gene segments from strain B and the rest of the genome from strain A. Reassortant 2 harbors
VP4 and VP7 encoding genes from strain B and thus bearing surface proteins identical to Strain B. (B)
Interspecies transmission. Transmission of whole virus or gene segments from non-humans result in
evolution and detection of novel rotavirus strains in humans. The novel strains detected in human may be a
result of either direct transmission of an animal strain or it could be a reassortant virus which itself is

evolved because of intergenogroup transmission between non-human species.
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2.2.1.12 Geographical distribution of rotavirus

Rotaviruses are responsible for substantial disease burden in almost all the countries of
the world. Although, the under developed and developing nations are most affected. In
the recent Global Rotavirus Information and Surveillance Bulletin, The World Health
organization depicted the distribution of rotavirus genotypes in different regions of the
world (Figure 2.7) [162]. The distribution of genotypes varied widely among the different
WHO regions at a given time period. G1P[8] was the predominant genotype in the
African (15%), South East Asian (29%) and Western Pacific (51%) regions and the
second most common genotype in the Eastern Mediterranean (20%) and European
regions (24%). This makes G1P[8] as the most frequently detected genotype globally
[162]. In the American region, G12P[8] emerged as the leading genotype during the
course of study whereas European countries showed the highest prevalence of G4P[8]
strains. Interestingly, 42% of rotavirus disease in the Eastern Mediterranean Region was
due to mixed infections and these were the leading cause of disease. The second most
globally common genotype G2P[4] also contributes significantly to the rotavirus disease
burden in all the WHO regions. However, G3P[8] was found in notable fractions in the
American (11%), European (9%), South East Asian (18%) and Western Pacific (10%)
regions. Although, it was negligible in African (0.5%) and Eastern Mediterranean region
(1%). The emerging genotype G9P[8] was also isolated in considerable numbers in all of
the WHO regions. Interestingly, the uncommon and unusual genotypes such as GIP[6],
G2P[6], G3P[6], GIP[4], GI9P[4], GI12P[6] and G2P[8] also leads to significant

proportion of infections especially in the African region [162].
2.2.1.12.1 Unusual combinations and rare strains

Inter species transmission and reassortment results in evolution of novel and uncommon
genotypes in humans and thus contribute appreciably to the diversity of rotaviruses. This
results in either the creation of genotypes with unusual combinations or appearance of
absolutely new genotypes. Following is the compilation of the unusual G and P

combinations along with newly detected strains (Table 2.3 and 2.4):
1. G1

G1 strains belongs to Wa-like genogroup and is usually found to be associated with P[8]

VP4 type. Continuous reassortment and rearrangement of different gene fragments has
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Figure 2.7: Distribution of rotavirus genotypes in WHO regions [28]
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lead to evolution of diverse unusual and rare human rotavirus strains. For instance, a rare
combination of G1 with P[19] was reported in India which was the result of human-
porcine reassortment where the VP7 and VP6 genes were of human origin whereas VP4
and NSP4 genes belonged to porcine species [172]. In other unusual combinations, G1

genotype has also been found with other P-types such as P[4] and P[6] [173, 174].
2. G2

G2 rotaviruses commonly found to have P[4] as their VP4 counterpart. However unusual
combination of G2 with P[6] was reported for the first time in Nigeria in 2001 [175].
Later, in an unusual outbreak in Philadelphia, this strain was reported again which
accounted for 86% of G2 associated rotavirus infections [176]. G2 was also found to be in

rare association with P[8] in Denmark [177].
3.G3

G3 is found in common association with P[8] in humans. However in 2011, a new G3
variant was reported where instead of P[8] genotype, P[2] was present. Molecular and
phylogenetic studies reveal that this novel strain was a result of reassortment between
simian like and group A rotavirus strains belonging to unknown animal and its
subsequent human infection [178]. Along with G3P[2], a number of studies have shown
the emergence of a novel HRV strain G3P[3] resulted because of interspecies
transmission and reassortment. In a similar study from Thailand, G3P[3] strain has been
isolated which was reported to carry simian-like VP7 and caprine-like VP4 genes [179].
Another instance of interspecies transmission of rotavirus strains was recognized in 2012;
where a canine origin rotavirus G3P[3] strain was found to infect human [180]. The role
of reassortment events in evolution of unusual G-P combinations was recognized after the
isolation of G3P[3] and G3P[9] strains in humans in a number of studies [181-183]. The
emergence of a novel G3P[9] strain was documented in 2011 and again in 2013 which
was a result of reassortment between canine and feline rotavirus strains and subsequent
transmission in humans [184, 185]. As discussed earlier, point mutations in the gene
segments of rotaviruses also contributes towards their diversity. Such a case was observed
in Japan where multiple substitutions in amino acid sequences gave rise to a new variant
[186]. The same study documented the unusual combination of G3 with P[4]. Mukherjee
et al. (2012) reported the unusual genotype combination of G3P[10] for the first time in

eastern India. Evolutionary analysis of the virus revealed derivation of its genes from the
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rotaviruses of human DS-1-like and AU-1-like strains of simian and caprine host species
[187]. G3P[10] was also identified in Thailand where the virus possessed the gene
segments from distinct species [188]. The rotaviruses having G3 have been also found in
unusual association with other VP4 proteins such as P[25] and P[19] which were the

result of human-porcine reassortment [189, 190].
4. G4

G4 1s among the common G-type responsible for gastroenteritis in humans and is usually
associated with P[8]. However, two novel combinations in form of G4P[4] and G4P[6]
were also found in humans, which were evolved as a result of interspecies transmission

and multiple reassortment [191].
5.G5

Rotaviruses belonging to the G5 genotype are rarely found to infect humans and therefore
are responsible for a negligible fraction of rotavirus infection worldwide. However,
epidemiological studies from Brazil have identified this strain in 1994 and 1996 [192,
193], in Argentina in 2001 [194], in Paraguay in 2002 [195] and in Cameroon in 2004
[196]. G5 has been identified to cause infection in humans of Asia for the first time in
2008 where its G5P[6] variant was a result of human porcine reassortment [197].
Similarly a G5P[6] strain was reported in Bulgaria in 2012 and is supposed to be another

human porcine reassortant [198].
6. G6

G6 is not a very common G-type identified in humans, but a survey of the literature
reveals a wide geographical distribution of G6 in humans around the world. A number of
studies have documented the occurrence of G6 in association with a range of P genotypes
such as P[6] and P[14] [199, 200]. These strains were evolved through multigenic

reassortment followed by transmission to humans.
7. G8

G8 genotype rotaviruses are frequent causes of gastroenteritis in cattle [201]. However,
this strain has demonstrated increased prevalence in humans in the African and European
regions because of zoonotic transmission [202, 203]. Recently, G8 has been found to be

associated with human gastroenteritis in the United States as well [204]. This unusual

31



genotype has also been isolated from humans in other parts of the globe such as India and

Korea [205, 206].

Table 2.3: Usual G-types with unusual combinations [29]

G-Type | Commonly associated P-Type | Unusual P-type association
P[4]
Gl P[8] P[6]
P[19]
G2 P[4] P[6]. P[8]
P[2]
P[3]
P[4]
G3 P[8] P[9]
P[10]
P[19]
P[25]
G4 P[8] P[4], P[6]
P[4]
G9 P[8] P[6]
P[19]
Table 2.4: Unusual G genotypes of rotavirus [29]
Genotype Associated P-Types
G5 P[6], P[8]
G6 P[6], P[14], P[9]
G8 P[1], P[4], P[6], P[14], P[8]
G10 P[8], P[6], P[11], P[4]
Gll1 P[8], P[6], P[4], P[25]
G12 P[4], P[9], P[6], P[8]
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8.GY

The first detection of G9 in humans was in 1987 [207], after which it disappeared for a
period of time to reappear again in mid-1990s [208]. According to molecular genotyping
data from different regions of the world, G9 emerged as the fifth most common genotype
responsible for gastroenteritis in humans [161]. In many regional studies, G9 was found
to be the predominant genotype in humans. For instance, in 2006, this particular genotype
accounted for as high as 91.6% of total rotavirus infections [209]. Countries belonging to
other geographical locations such as Cuba (78.5%), Argentina (61.5%), Italy (53.3%),
and Spain (87.7%) also have a substantial burden of G9 associated gastroenteritis cases
[210-213]. The most common association of G9 is with P[8] but other VP4 types such as
P[4], P[6], P[11] and P[19] are also found with G9. These strains were originated due to

interspecies transmission and reassortment events [214-216].
9. G10

G10 is a common G type responsible for infections in cattle, however it has also been
found to be associated with human gastrointestinal infections [217]. The GI10 strains
isolated from humans revealed its molecular identity with animal rotaviruses indicating
its zoonotic transmission [218]. Recently, G10 rotavirus infections in humans have
surfaced in Africa and India [219, 220]. The VP4 types commonly found with G10 are
P[8], P[4], P[11] and P[6] [191, 218, 220, 221].

10. G11

After its first detection in humans in 2005 [222], G11 has been infrequently detected in
humans in different time periods [223, 224]. The G11 genotype isolated from humans
reveals a significant similarity with those of animal origin, which advocate its zoonotic

transmission [167].

11. G12

G12 rotaviruses are among the most rapidly emerging gastroenteritis agents in humans.
G12 was reported for the first time in humans in the Philippines in 1987 when they were
isolated from diarrheic children admitted to hospital [225]. Subsequently, it was detected
in Thailand in 1998. It was again detected in the next year itself in the United States,
which was followed by its heralded appearance in all the parts of the world [226, 227].
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Studies from different parts of the world indicate that the G12 strains isolated from
humans are usually associated with P[6] and P[8] [165]. However in some countries
feline origin P[9] in association with G12 has been reported to infect humans [228, 229].
The GI12 rotavirus has remarkable diversity because of its very frequent reassortment

activity.
2.2.1.13 Impact of vaccination on strain distribution

Selective vaccine pressure may have a significant impact on the distribution of rotavirus
strains. Post-vaccination surveillance studies from various countries including USA,
Australia, Belgium and Brazil have reported a substantial increment in the prevalence of
some genotypes (G2 and G3) in contrast to the pre-vaccination era [230-234]. Data from
the United States, where RotaTeq was used for vaccination, depicted substantial increase
in the prevalence of G3 genotypes after the introduction of the rotavirus vaccine; the
G3P[8] genotype percentage remained the same (~2.8) during the first year after its
introduction and increased to 35.7% during the second year. Similarly, the G9P[§]
incidence decreased and then increased in the next 2 consecutive years post-vaccination.
The percentage of G1P[8] in the pre-vaccination era from 1996-2005 to 2005-2006,
respectively was 78.5% and 23.4%, while it increased to 69.6 and came down to 29.6

during the next 2 consecutive years [235].

In Australia, where both Rotateq and Rotarix were used, G2 was detected as prominent
genotype as a whole but in the regions where Rotarix was administered, a higher
percentage of G3 strains was observed. G9P[8] percentage decreased continuously during
the years following vaccination, while G1P[8] and G2[4] showed no continuous trend but
showed fluctuations in their occurrence with increased prevalence during the first year
post-vaccination. The laboratory based surveillance performed in Brazil reported an
increase in G2 detection events and a significant decline in G9 genotypes after the
introduction of Rotarix vaccine in 2006 [236]. However, a noteworthy observation from
the study is the decline in G2 genotype levels in 2009. During this year, G2 was reported
in only 37.5% of cases in comparison to 49%, 66% and 85% in the preceding years.
G3P[8] and G4[8] disappeared respectively during post-vaccination years 2007 and 2006
and emerged again during 2009 and 2008. The GI1P[8] genotype against which the
vaccine was used, decreased in its prevalence continuously during the next three

consecutive years and increased again to 20.4% in 4™ year. One of the reasons for these
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changes could be that selective vaccine pressure leads to the emergence of vaccine

resistant strains which were expressed during 2009.

Based on the data available so far regarding circulating rotavirus genotypes, it is tempting
to speculate that vaccine-induced selection pressure has significant impact on the
distribution of rotaviruses in a particular region and also, acts as driving force in the
emergence of new rotavirus strains which are less susceptible to vaccine. But there are
reports documenting the similar fluctuations in genotypes prevalence and also, the re-
emergence of disappeared genotypes during the pre-vaccination era suggesting the role of
natural fluctuations/ environmental factors in addition to vaccines. But before assigning it
to after vaccine affects, continued surveillance data for extended years is needed to

monitor strain changes after vaccination.

In addition, some other studies showed the emergence and circulation of various
uncommon strains in a significant proportion after the introduction of vaccination [204,
237]. Furthermore, the regions where Rotarix was introduced have shown the increased
prevalence of G3 and the RotaTeq states have shown the predominance of G2 strains

[238, 239].
2.2.1.14 Clinical features

The clinical presentation of rotavirus gastroenteritis is similar to other pathogens that
cause gastroenteritis in children although they can be more severe [240]. The infection
leads to a spectrum of responses varying from subclinical infection to a mild diarrhea, to a
severe and potentially lethal dehydrating sickness. The incubation period for rotavirus
illness is approximately 48 hours. The first symptom to appear is vomiting followed by
watery diarrhea, fever and severe dehydration, which can occur individually or in
combination [241]. The symptoms may last for 3-8 days. According to studies, 10% of
the first episodes of rotavirus infections are severe enough to lead to a clinic visit and
require aggressive treatment [242, 243]. In 1-3% cases, the severity of infection is so high
that it requires intravenous rehydration to maintain the balance of fluid and electrolytes.
The children suffering from rotavirus infections tend to suffer more from vomiting and
dehydration in comparison with the children having gastroenteritis due to other causes

[244].
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The clinical symptoms associated with rotavirus infections vary by age group. It has been
observed that the first infection after the age of 3 months results in the most severe illness
[240]. Infants are generally asymptomatic or suffer only mild symptoms in comparison
with children from higher age groups [245, 246]. According to a study, rotavirus infection
may be responsible for 30% to 40% of cases of necrotizing enterocolitis [246]. Rotavirus
infection in adults remains either asymptomatic or shows mild symptoms. This may be
because of the protection owing to previous infections. Although studies have reported
that rotavirus infection in adults is responsible for 3-5% of gastroenteritis associated

admissions [10].

In low income settings, the rotavirus associated illness can be more severe because of
malnutrition, poor hygiene and concurrent infections [247]. The virus infection is not
confined to the gut but viremia and antigenemia has also been found in the blood [248,
249]. In the rare case of severe infections, rotavirus have also been identified to cause
extraintestinal infections in the cerebrospinal fluids [250]. The immunocompromised
children act as potent reservoirs of the virus where virus shedding has been witnessed for

more than a year [251, 252].
2.2.1.15 Rotavirus vaccines

Though improvements in sanitation and personal hygiene have led to significant
reduction in bacterial and parasitic gastroenteritis infections, but they have proved to be
of no effect on rotavirus associated morbidity and mortality [253-256]. It has been
established that previous rotavirus infection renders a strong immune response against
subsequent infections [257], and vaccination mimics this first infection without causing
the disease, thus vaccines can be a good option to control rotavirus associated morbidity

and mortality.
2.2.1.15.1 RotaShield

RotaShield (a rhesus rotavirus tetravalent [RRV-TV] vaccine) is the first multivalent, live
reassortant vaccine. It comprises of four commonly found rotavirus strains G1, G2, G3
and G4; out of which G1, G2 and G4 are from three rhesus-human reassortant strains and
G3 is from rhesus rotavirus [41]. The field trials of this vaccine in the United States,
Finland and Venezuela have revealed its high efficacy in these settings [258-261]. Due to

good efficacy, this vaccine was licensed in United States in 1998 and included in the
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immunization schedule. But after the first nine months of the program, a large number of
cases of vaccine associated intussusception were reported. The estimated rate of vaccine
associated intussusception was 1 in 10,000 vaccinated children [262]. The greatest risk
was 3 to 10 days after the first dose [263, 264]. Due to this adverse effect, RotaShield was

withdrawn from the market less than a year after its licensure.
2.2.1.15.2 RotaTeq

With the increase in knowledge regarding the importance of VP4 protein in protection,
the new rotavirus vaccines included a VP4 component in them. RotaTeq is a pentavalent,
live attenuated, human-bovine reassortant oral vaccine developed by Merck Research Co.
This vaccine is composed of five live reassortant rotaviruses: four rotaviruses express the
globally common VP7 proteins (G1, G2, G3 and G4) and P7[5] from parent bovine virus
WC3 (Figure 2.8). The fifth reassortant has P1A[8] from the human strain and G6 from
the WC3 strain. The administration of RotaTeq occurs in three doses beginning from 6 to

12 weeks of age.

The phase III trial of RotaTeq was conducted in 11 countries which included more than
70,000 children [265]. The trial focused on evaluating the vaccine safety, immunogenicity
and efficacy. The risk of intussusception was monitored for 42 days after each dose. In
the trial, six children who were administered vaccine, suffered from intussusception
whereas five cases of intussusception were observed in placebo group. The outcomes of
the study did not suggest any increased risk of intussusception in vaccine group and the

vaccine was marked safe as far as intussusception is concerned.

As far as clinical symptoms are concerned, the rate of fever and irritability were similar in
the vaccine and placebo groups. Diarrhea and vomiting were more frequent in vaccine
group than placebo group. The seroconversion rate was drastically higher in vaccinated

children (95%) than in the placebo treated children (14%).

The efficacy studies in the clinical trials have revealed high efficacy against any severity
of rotavirus infection. The efficacy of RotaTeq against rotavirus infection of any severity
was 74% and against severe infection was 98%. RotaTeq showed high efficacy against all
the commonly prevalent serotypes (G1, 75%; G2, 63%; G3, 83%; G4, 48% and G9,
65%). The efficacy of RotaTeq was evaluated in the second rotavirus season following

vaccination and it was 65% against infection of any severity and 88% against severe
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Figure 2.8: RotaTeq (Adapted from Dennehy et al., 2008 [267])

rotavirus infection [265]. The phase III trial results of RotaTeq were satisfactory enough
to get it licensed in the United States in 2006. It was recommended to be administered in

three doses at 2, 4, and 6 months of age [266].

2.2.1.15.3 Rotarix

Rotarix is the live attenuated vaccine developed from strain 89-12 in Cincinnati by tissue
culture passage [268]. The vaccine strain has the G1P[8] genotype which represents the
most common VP7 and VP4 genotypes found in humans. Further development of the
vaccine was done by Avant Immunotherapeutics before its acquisition by
GlaxoSmithKline Biologicals (Rixensart, Belgium). Here the vaccine strain was cloned
and underwent passage 12 more times and renamed RIX4414. After licensure, it was
named as Rotarix. The underlying principle behind Rotarix vaccine was to stimulate
serotype-specific immunity against the most prevalent human G-type and P-type

rotaviruses.

To evaluate the risk of intussusception associated with the vaccine, a double blind,
placebo-controlled trial was carried out in 11 Latin American countries and Finland
which included 63,000 infants. The study revealed that the vaccine did not cause
intussusception [269]. Two doses of vaccine were administered at 2 and 4 months of age
and during a period of 31 days after each dose, the vaccinated children showed no
increase in intussusception as compared with placebo. During the study, six of the

immunized children and seven children in the placebo group suffered from
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intussusception showing no significant association. The vaccine group showed similar

rates of diarrhea, fever and vomiting as the placebo group.

To assess the efficacy of the vaccine, a large trial was conducted which included 20,000
children [269]. The efficacy of the vaccine came out to be tremendous with 85% against
severe rotavirus diarrhea and 100% against very severe rotaviral gastroenteritis. The
vaccine was very efficacious against G1 (92%), G3, G4 and G9 serotypes but the efficacy
was not significant against G2 (48%) serotype. Although the vaccine efficacy against G2
was lower in the trials but different studies have documented it to be very effective again
non-G1 and non-P[8] strains. In another study in Europe, the vaccine efficacy of Rotarix
was as high as 81% against G2P[4] strains. The vaccine efficacy against G1P[8] was
found to be 96% and against non-G1P[8] strains showed 88% efficacy [270]. Mexico and

the Dominican Republic were the first countries to license Rotarix vaccine in 2004 [270].

2.2.1.15.4 Rotavac

Rotavac is developed under Indo-US Vaccine Action Program (National Institutes of
Health 2013) and is made from 116E rotavirus strain which is a naturally occurring
reassortant strain with genotypes G9P[11] [271]. It contains VP4 gene of bovine origin
and rest of the ten genes from human rotavirus. The 116E strain was found to be
asymptomatic and naturally attenuated [272, 273]. The strain was cultivated on Vero cells
and found to be safe and immunogenic [274]. Clinical trials revealed that the vaccine has
an efficacy of 56% which is comparable to the other licensed rotavirus vaccines [271].
Rotavac has shown sustained efficacy of 49% in the second year of life, which much
better than the other available vaccines [271]. The vaccine was effective against a large
variety of the strains and hence has good cross protection. The most important aspect of
this vaccine is its low cost of around 1USD which is ~ 20 times less than its pre-existing

competitors.
2.2.1.16 Rotavirus in adults

Rotavirus is a widely recognized gastroenteritis agent in children. The role of rotavirus
infection in adults is not well recognized as mostly the rotavirus infections in this case are
asymptomatic or lead to mild symptoms. However, rotavirus infections in adults present a
wide spectrum of severity and manifestations. In studies including adult volunteers,

rotavirus ingestion results in many symptoms including diarrhea, fever, malaise,
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headache, cramping and nausea [275-277]. As far as, epidemiology of rotavirus infections
in adults is concerned, a number of studies from different parts of the world have held
rotavirus responsible for significant incidences of rotavirus gastroenteritis in adults.
Although, the infection rate varies with the geographic location and characteristics of
patients. In some studies, rotavirus infections in the adult population were very low. In a
study from the UK, rotavirus was isolated from 4.1% of adult patients suffering from
diarrhea [278]. Similarly, rotavirus infection rate of 3% was observed in Switzerland, 3%

in Sweden, 5% in Thailand, 2-4% in Netherlands and around 4% in Michigan [279-282].

In other geographical locations, the rates of rotavirus infections were even higher. In a
recent study from southern India, rotavirus was found in 8.4% of diarrheal patients. In a
study from Japan, rotavirus was responsible for 14% of gastroenteritis incidences in
adults [11]. In an Australian study, rotavirus was the second most common cause of
diarrhea in adults with 17% infection rate [283]. In Indonesia, as high as 42% adult
gastroenteritis patients have rotavirus in their stool samples [284]. The Mexican study
further reveals the astonishing figure of rotavirus associated diarrhea in adults where
rotavirus was isolated from 63% of adult samples [285]. Along with endemic diarrhea,

rotavirus is also responsible for a number of gastroenteritis outbreaks [286-288].

Rotavirus is also the important pathogen responsible for travellers’ diarrhea among adults.
Studies show that people travelling to Central America and the Caribbean show higher
rates of rotavirus infection. In such an incidence, 9% of travellers returning from Jamaica
have rotavirus diarrhea (Steffen 1999). Interestingly, in this case, rotavirus was the
second most prominent cause of diarrhea in adults. In other studies, rotavirus was found

in as high as 25-35% patients suffering from traveller’s diarrhea [289-293].
2.2.2 Norovirus

Norovirus was first detected in the stool sample during a gastroenteritis outbreak in
Norwalk, OH and hence was previously known as Norwalk virus. This was the first viral
agent recognized to cause gastroenteritis in humans [294]. Initially, the illness due to
Norovirus was described as ‘winter vomiting disease’ because of its frequent occurrence

in winter season and vomiting as a primary symptom [295].

Human noroviruses are the prominent cause of gastroenteritis epidemics and outbreaks in

hospitals, nursing homes, cruise ships, and the military [296, 297]. Norovirus is
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responsible for 685 million annual cases all around the globe. Out of these, 200 million
cases were reported in children below the age of five years. According to recent
estimates, this virus is responsible for around 50,000 deaths of children, almost all of

them occurring in developing countries [298].
2.2.2.1 Virology

Noroviruses, as visualized by electron microscopy are particles of 27-30 nm in diameter.
These are non-enveloped viruses. The nucleocapsid is rounded and has an icosahedral
symmetry. The genome of human Norovirus is made up of a linear, positive sense RNA
which is around 7.6 kb in length (Figure 2.9) [299]. The 5’ end of the genome is
covalently attached to the viral protein genome (VPg), which has an important role in
virus infectivity and initial translation. The RNA genome is polyadenylated at the 3’ end
[300]. The three open reading frames, ORF-1, ORF-2, ORF-3 encodes eight viral
proteins. ORF-1 encodes a 194 kDa protein complex which is proteolytically cleaved into
six proteins by the viral protease 3C. These proteins are the non-structural proteins and
are involved in replication and transcription [301]. The second and third ORFs encodes
structural proteins, VP1 and VP2, respectively. VP1 is a 60 kDa capsid protein and plays
a major role in replication [302]. The VP2 is the 23 kDa protein which interacts with
genomic RNA [303].

p48 NTPase p22 VPg Pro Pol VP1 VP2

p48 (NS1/NS2) - Nterm (amino terminal protein)  VPg (NS5) - Genome-linked viral protein VP1 - Major capsid protein
NTPase (NS3) - Nucleoside triphosphatase Pro (NS6) - Proteinase VP2 - Minor capsid protein
P22 (NS4) - 3A-like protein Pol (NS7) - RNA-dependent RNA polymerase

Figure 2.9: Structural representation of human norovirus genome (Adapted from Robilotti et al.,
2015 [304]). The genome is a linear, positive-sense RNA, ~7.6 kb in length, linked to the viral protein
genome (VPg) (solid black circle) at the 5° end and polyadenylated at the 3’ end. Three open reading
frames, ORF-1, ORF-2, and ORF-3, encode 8 viral proteins. Six nonstructural (NS) proteins are encoded by
ORF-1 by proteolytic cleavage by the virally encoded cysteine proteinase (Pro). The structural proteins VP1
and VP2 are encoded by ORF-2 and ORF-3, respectively.

The capsid of the virion is made up of 90 dimers of the VPI1 protein arranged in
icosahedral symmetry. The arrangement of VP1 dimers is such that it results in cup-like

structures on the surface of virus.
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2.2.2.2 Nomenclature and classification

According to the new classification system, noroviruses are classified into five
genogroups, GI, GII, GIII, GIV and GV. These genogroups share between them a total of
31 genetic clusters or genotypes: 8 genotypes in GI genogroup, 17 in GII, 2 in GIII, 1 in
GIV, and 1 in GV [305]. Studies have documented that norovirus genotype GIL.4 is
responsible for 70% of norovirus outbreaks [306, 307].

2.2.2.3 Clinical and epidemiological features

Norovirus infection in humans occurs at all age groups. Though Norovirus outbreaks
occur all around the year, they increase in the colder months [308]. The incubation period
is generally around 1-2 days which is followed by vomiting, nausea, abdominal cramps,
myalgia and diarrhea. The symptoms usually resolve within 2-3 days but according to
recent studies, they can persist for longer periods (4-6 days) in children and hospital
outbreaks [309, 310]. Diarrhea is the prominent symptom to develop in children below 5
years of age whereas other patients experience vomiting more frequently [309, 311]. 37-
45% patients show the sign of fever that generally resolves within 2 days [312, 313].
Though, the clinical severity of the disease caused by norovirus infection in children
appears to be milder in comparison to rotavirus [309] but the severity scores of the
children hospitalized due to Norovirus are similar to the rotavirus infections [314]. The
acute symptoms and viral shedding tends to be prolonged in the elderly and immune

compromised patients.

2.2.2.4 Transmission

Noroviruses are transmitted from food or through faeco-oral route [315]. In some cases,
the transmission can be through air by aerosol of infectious vomit [316]. Contaminated
water can be also inferred as a source of transmission of norovirus [317]. The virus is
highly contagious and is responsible for sporadic or diarrhea outbreaks in hospitals,
schools, colleges, restaurants, cruises and hotels [318]. Quality control of food basically
focuses on bacterial contamination and thus norovirus contaminations are not reported
often [319]. Aquatic food such as oysters, living in contaminated waters and eaten raw are
major routes of transmission of the virus [320]. Some characteristics of noroviruses which
facilitate their rapid transmission are: (i) low infectious dose (<10 viral particles) [321];

(i1) Prolonged virus shedding; (iii) stability of the virus at broad range of temperatures
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and even in high concentration of chlorine [322]; and (iv) high rate of re-infections due to

lack of long term immunity and inadequate cross protection against diverse strains.
2.2.2.5 Prevention and treatment

The first and foremost strategy for prevention of norovirus infection is to stop its
transmission. Washing of hands after coming in contact with the patient and its objects is
very essential. Norovirus can survive on dry inanimate surfaces for 8 hours to 7 days;
therefore all the surfaces are required to be cleaned by 2% hypochlorite [3, 323].
Appropriate safety measure while preparing and handling of food should be taken to
prevent it from getting contaminated. Once infected with norovirus, food handlers should
be refrained from handling food during the disease and for 48-72 hours after the recovery
[324]. As there is no antiviral agent to treat norovirus infection, the preferred treatment
which can be given is rehydration therapy. Although not very common, hospitalization in

some cases is required.

2.2.2.6 Laboratory diagnosis

Electron microscopy is the classical method of detecting noroviruses. This method is
employed in many diagnostic laboratories but it requires highly qualified professional and

very expensive equipment.

Enzyme immunoassays (EIA) are the preferred method of choice for large scale
surveillance studies. The EIAs have the antibodies raised against baculovirus expressed
viral antigens. But EIAs are specific for only some noroviruses and suffer from limited
sensitivity with a wide range of noroviruses [325, 326]. Although, a new generation of
kits have been developed which have relatively high sensitivity and specificity and are

very useful for norovirus diagnosis in outbreaks [327].

The RT-PCR technique is the most advanced technique to detect noroviruses in the
clinical and environmental samples. They have the capability of detecting virus even in
samples with low viral load [328]. The RT-PCR method is sensitive and has high
specificity. The sequencing results after PCR can be used for phylogenetic analysis to
study the evolution of the virus and to infer their genotypes. Real-time quantitative PCR
are more sensitive and faster than conventional PCR and allow real time monitoring.
Recently real time PCR has gained popularity for its application in large scale

surveillance studies [329].
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2.2.3 Enterovirus

Enterovirus is the largest genus belonging to the family Picornaviridae and includes
around 200 serotypes [330]. This genus contains 10 species, out of which enterovirus A-
D, human rhinovirus A-C, coxsackievirus A & B, Echovirus, rhinovirus, poliovirus and
relatively newer enteroviruses are found to be pathogenic to humans. Enterovirus infects
approximately 1 billion people each year globally and causes a large spectrum of disease
in humans [330]. The diseases caused by enteroviruses include acute flaccid paralysis
(AFP), aseptic meningitis, acute encephalitis, type-1-diabetes, uveitis, hand, foot and
mouth disease (HFMD), diarrhea, brainstem disease, herpangina, exanthema,
pleurodynia, cardiomyopathy, coagulopathy, atherosclerotic arterial disease, multi-system
hemorrhagic disease, sudden deftness, fatal illness with pulmonary hypertension in
neonates, transverse myelitis, aplastic anemia etc [330]. Recent reports have also
documented the role of enteroviruses in gastroenteritis also. However, most of enterovirus
infections are asymptomatic and only 1% of the infections cause disease severe enough to

cause disease [331].
2.2.3.1 Virology

The enterovirus genome is made up of a single-stranded positive-sense RNA which is
approximately 7.5 kb in length (Figure 2.10). At the 5’ end, the RNA is attached to the
viral protein VPg and is polyadenylated at the 3’ end. The genome has one open reading
frame which encodes a single protein which is proteolytically cleaved by two proteases
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Figure 2.10: Structural organization of enterovirus genomic RNA and maturation of peptides from

polyprotein (Adapted from Huang et al., 2015 [332])
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3C into 11 individually competent proteins (4 structural and 7 non-structural). The
structural proteins (VP1-VP4) are components of the capsid where VPI1 is the most

abundant protein and is the basis for differentiating the virus into various serotypes.
2.2.3.2 Enteroviruses in diarrhea

Although, enteroviruses are the cause of a large spectrum of severe diseases, their role in
diarrheal disease is not very well established. However, recent reports have shown that
enteroviruses are the important etiological agents of diarrhea in a number of cases. In a
recent study by Rao et al. in 2014 which included children of less than 2 years of age,
non-polio enterovirus was isolated from 38% of total diarrheal episodes [333]. In a
different study by the same group, where the prevalence of enterovirus was studied for
five consecutive years, the enterovirus infection rate in diarrheal patients ranged from
9%-19% [19]. The studies from other parts of the globe also documented the significance

of enterovirus as an etiological agent of diarrhea.

Sequence analysis of VP1 gene of enterovirus strains isolated from the diarrheal patients
revealed the involvement of a total of 37 serotypes in the disease. Out of these, E1, E7,
El1, E13, E14, E30 and E33 were found to be responsible for majority of enterovirus

associated diarrhea [19].
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MATERIALS AND METHODS

3.1 Sample collection and transportation

A total of 607 stool samples were collected from four hospitals located in Himachal
Pradesh: Regional Hospital, Solan; Indira Gandhi Medical College (IGMC), Shimla;
Regional Hospital, Nalagarh and Regional Hospital, Bilaspur from 2012-2015. Out of
these samples, 247 were collected from the children (<5 years), 50 were from older
children (6-17 years) and 310 were from adult (>18 years) patients. The hospitalized
patients included in the study had diarrhea (defined as passage of three or more loose
stools per day) as the common symptom along with vomiting, dehydration, fever and
abdominal pain. The demographic details of the patients were documented and they or
their legal representatives gave their consent. None of the subjects included in the study
had been vaccinated for rotavirus. The stool samples were collected in sterile, screw cap

containers and transferred to laboratory immediately under proper cold chain conditions.
3.2 Processing of stool specimens

10% stool suspension was prepared by dissolving 1 g/ml of stool in 10 ml of phosphate
buffer saline (PBS) in a tube. The contents of the tube were vortexed for 1 min and then
centrifuged at 10,000 rpm for 10 min to remove the coarse debris. The supernatant was

then transferred to a fresh tube and stored at 4°C for short term and -80°C for long term.
3.3 Enzyme linked immunosorbent assay (ELISA)

Detection of rotavirus in the stool samples was done using commercially available
enzyme linked immunosorbant assay kit (Premier Rotaclone, Meridian Biosciences Inc.,
Cincinnati, OH, USA). The procedure followed for the detection of rotavirus is following:
1. Sufficient number of wells for samples and the controls were snapped off and
inserted into the microtiter well holder. The sample positions were recorded
appropriately.
2. Two drops (100 ul) of diluted faecal sample, positive control and negative control
were added to the bottom of separate wells.
3. Two drops (100 ul) of enzyme conjugate were added to each well. Mixed by
gentle swirling.

4. Incubated at room temperature for 60 min.
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10.

11

The liquid in the wells was poured out into a discard vessel. The microtiter well
holder was tapped upside down vigorously against absorbent paper to ensure
complete removal of liquids from the wells.

All the wells were filled with deionized water and the liquid was poured out as in
step 5.

The washing procedure (steps 5 and 6) was repeated for a total of 5 times.

Two drops (100 ul) of substrate A solution was added to each well.

Two drops (100 ul) of substrate B solution was added to each well.

Incubated for 10 min at room temperature.

. Visual determinations were made by observing the blue colour and for

spectrophotometric determinations, two drops (100 ul) of stop solution (sulphuric

acid) were added to each wall and absorbance was read at 450 nm.

3.4 RNA isolation with TRIzol method

Viral RNA was isolated from stool suspensions using TRIzol reagent (Invitrogen,

Carlsbad, CA, USA). The protocol for RNA isolation is following:

1.

SN L

10.
11.
12.
13.

500 ul of stool suspension was taken in a fresh 2 ul microcentifuge tube and 500
ul of TRIzol reagent was added to it.

The contents of the tube were vortexed thoroughly and incubated at room
temperature for 15 min.

200 ul of chloroform was added to the tube and vortexed thoroughly for 10 sec.
Incubated at room temperature for 10 min.

Samples were centrifuged at 12,000 x g for 15 min at 4°C.

The aqueous phase of the sample was removed by angling the tube at 45° and
pipetting out the solution.

The aqueous phase was placed into a new tube.

500 ul of 100% isopropanol was added to the aqueous phase and incubated at
room temperature for 10 min.

Centrifuged the contents at 12,000 x g for 10 min at 4°C.

The supernatant was discarded leaving the RNA pellet at the bottom of the tube.
The RNA pellet was washed by mixing with 1 ml of 75% ethanol.

Centrifuged at 7500 x g for 10 min and supernatant was discarded.

The RNA pellet was air dried for 5-10 min, resuspended in RNase-free water and

stored at -80°C until further use.

48



3.5 Complementary DNA (cDNA) synthesis

Complementary DNA (cDNA) was prepared by reverse transcription of isolated RNA
using Verso cDNA synthesis kit (ThermoFisher scientific, Waltham, Massachusetts,

USA). The components used for cDNA synthesis are:

Total RNA 7.0 ul
DMSO 1.0 pul
Random hexamer 1.0 ul
Nuclease-free water 4.0 ul

The reaction mixture was incubated at 95°C for 5 min followed by snap chilling on ice.

The following components were added to the reaction mixture

5X cDNA synthesis 4.0 ul
buffer

dNTP mix 2.0ul
Enzyme mix 1.0 ul

The reaction mixture was incubated at 42°C for 50 min followed by enzyme inactivation

step at 95°C for 2 min. The cDNA formed was stored at -20°C until further use.

3.6 Polymerase chain reaction
3.6.1 Detection of rotavirus, norovirus and enterovirus

Three diarrhea causing RNA viruses, group A rotavirus, norovirus (GI & GII) and
enterovirus were detected using PCR based method. The primers used for detection of
various viruses were VP6(F) & VP6(R) for group A rotavirus; Mon432 & Mon434 for
norovirus GI; Mon431 & Mon433 for norovirus GII; and F1 & R1 for enterovirus [334-
336] (Table 3.1).
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Table 3.1: Primers used for the detection of viruses

Virus and Primer Sequence Amplicon Size (bp)
Group A Rotavirus
VP6 (F) TTTGATCACTAAYTATTCACC 997
VP6 (R) GGTCACATCCTCTCACTA
Norovirus GI
Mon432 TGGACICGYGGICCYAAYCA 213
Mon434 GAASCGCATCCARCGGAACAT
Norovirus GII
Mon431 TGGACIAGRGGICCYAAYCA 513
Mon433 GAAYCTCATCCAYCTGAACAT
Enterovirus
Fl1 CAAGCACTTCTGTTTCCCCGG 440
R1 ATTGTCACCATAAGCAGCCA

The PCR reaction mixture included 2.5 pl of 10X Standard Taq Reaction Buffer, 0.5 ul of
10 mM dNTPs, 0.5 ul of 10 uM forward and reverse primers each, 0.6U of Tag DNA
Polymerase (New England Biolabs, Massachusetts, USA) and 3 ul of cDNA template.

The volume of the mixture was made to 25 ul using nuclease free water (ThermoFisher

Scientific, Waltham, Massachusetts, USA). The thermo cycler conditions employed for

the detection of aforementioned viruses are shown below:

Tp Tc Ty Tg Tre
No. of
Virus - : - - -
Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time cycles
"0y | min) | (C) | (sec) | (O | (sec) | (C) | (sec) | (°C) | (min)
Rotavirus 95 5 95 30 48 30 68 30 68 10 35
Norovirus
95 5 95 30 50 30 68 30 68 10 35
GI & GII
Enterovirus 95 5 95 30 48 30 68 45 68 10 35

Tp = Initial Denaturation
T¢ = Cyclic Denaturation

T = Annealing Temperature
Tg = Cyclic Extension
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3.6.2 Rotavirus genotyping

The cDNA samples positive for VP6 PCR were carried forward for genotyping by semi-
nested PCR. The G and P typing was done using previously published primers
recommended by World Health Organization (Figure 3.1, Table 3.2) [155, 156].
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Figure 3.1: Schematic illustration of (A) VP7 and (B) VP4 genotyping PCR

51



Table 3.2: Primers used for genotyping of rotavirus

Amplicon size

Primers Sequence (bp)
Primers for VP7 genotyping

VP7F(+) ATGTATGGTATTGAATATACCAC

VP7R (-) AACTTGCCACCATTTTTTCC 881
Gl (+) CAAGTACTCAAATCAATGATGG 618
G2 (+) CAATGATATTAACACATTTTCTGTG 521
G3(+) ACGAACTCAACACGAGAGG 682
G4 (+) CGTTTCTGGTGAGGAGTTG 452
G8 (+) GTCACACCATTTGTAAATTCG 754
G9 (+) CTTGATGTGACTACAAATAC 179
G10 (+) ATGTCAGACTACARATACTGG 266
GI12 (-) TAACGCTAATGAATTTTGGTACTG 450

Primers for VP4 genotyping

VP4F (+) TGGCTTCGCTCATTTTATAGACA

VP4R (-) ATTTCGGACCATTTATAACC 876
P[4] (-) CTATTGTTAGAGGTTAGAGTC 483
P[6] (-) TGTTGATTAGTTGGATTCAA 267
P[8] () TCTACTGGRTTRACNTGC 345
P[9] (-) TGAGACATGCAATTGGAC 391
P[10] (-) ATCATAGTTAGTAGTCGG 583
P[11] (-) GTAAACATCCAGAATGTG 312
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First round
For G genotyping, in the first round, a 881 bp region of VP7 gene was amplified using
VP7-F and VP7-R primers whereas for P genotyping, a region of 876 bp of VP4 gene was

amplified using con2 and con3 primers in the first round. The reaction mixture included:

Component 20 pl reaction Final Concentration
5X Phusion HF or GC Buffer 4 ul 1X
10 mM dNTPs 0.4 ul 200 uM
10 uM Forward Primer 1 ul 0.5 uM
10 uM Reverse Primer I ul 0.5 uM
cDNA 4 ul <250 ng
DMSO 0.6 ul 3%
Phusion DNA 0.2l 1.0 units/50 pl PCR
Polymerase
Nuclease-free water 8.8 ul

The thermocycling conditions for the first round PCR were:

T Tc T Tk Tre
No. of
Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time cycles
O | min) | (C) | sec) | (‘O | (sec) | ('C) | (sec) | (C) | (min)
95 5 95 30 46 30 72 80 72 10 35

Second round PCR for G-genotyping
The first round product was subjected to the second round PCR using VP7-R as the
reverse primer and a mixture of forward primers specific for G1, G2, G3, G4, G8, G9 and

G10 genotypes. The components included in the PCR reaction mixture were:
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Component 25 ul reaction Final Concentration
10X Standard Taq Reaction
2.5 ul 1X
Buffer
10 mM dNTPs 0.5 ul 200 uM
10 uM Forward Primer
o 3.5ul 0.2 uM
(G-type specific primers)
10 uM Reverse Primer 0.5 ul 0.2 uM
Template DNA 2ul <250 ng
DMSO 0.6 ul 3%
Tag DNA Polymerase 0.13 ul 1.25 units/50 ul PCR
Nuclease-free water 15.27 ul

The thermocycling conditions for second round PCR for G-genotyping are following:

TID TC TA TE TFE
No. of
Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time cycles
"C) | (min) | (°C) | (sec) | ("C) | (sec) | (°C) | (sec) | (°C) | (min)
95 5 95 30 42 60 68 60 68 10 35

G12-specific second round PCR

The second round PCR for the detection of G12 genotype was carried out separately. In
this PCR, the VP7F (+) was used as the forward primer whereas G12 specific primer was
used in reverse orientation. The components and reaction mixture used in this PCR were
similar to the second round PCR except the primers. The thermocycling conditions

employed were:
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TID TC TA TE TFE
No. of
Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time cycles
"C) | (min) | (°C) | (sec) | ("O) | (see) | (°C) | (sec) | (°C) | (min)
95 5 95 30 48 30 68 40 68 10 35

Second round PCR for P-genotyping

For P-genotyping of rotavirus, the first round products of VP4 specific PCR were
subjected to the second round PCR where con3 was used as the forward primer and a
mixture of P[4], P[6], P[8], P[9], P[10] and P[11] specific primers were used as reverse

primers. The components used in the reaction mixture were:

Component 25 ul reaction Final Concentration
10X Standard Taqg Reaction
2.5 ul 1X
Buffer
10 mM dNTPs 0.5 ul 200 uM
10 uM Forward Primer 0.5 ul 0.2 uM
10 uM Reverse Primer
o 3ul 0.2 uM
(P-type specific primers)
Template DNA 2ul <250 ng
DMSO 0.6 ul 3%
Tag DNA Polymerase 0.13 ul 1.25 units/50 ul PCR
Nuclease-free water 15.77 ul

The thermocycling conditions employed for second round PCR for P-genotyping were

similar to the second round PCR for G-genotyping.
3.7 Agarose gel electrophoresis

The amplified products of all the PCRs were subjected to agarose gel electrophoresis. 2%
agarose gel was formed by adding 1 g of agarose powder in 50 ml 1X TAE buffer. The
agarose was mixed in the buffer by heating in microwave oven for 1 min. The solution
was allowed to cool until luke warm and then ethidium bromide (EtBr) was added to the

solution at a concentration of 0.5 pg/ml. The EtBr was mixed gently in the solution and
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the solution was poured in the gel tray prefitted with a comb. The gel was allowed to cool
and solidify in the tray for about 15-20 min. Then the comb was removed cautiously and
the gel was placed in electrophoresis tank filled with 1X TAE buffer. 5 pul of the PCR
product was mixed with 1 ul of 6X loading dye and loaded in the well. A DNA marker
was included with each run. The electrophoresis was carried out at 100V for 30 min.
Then the gel was kept under a UV transilluminator to visualize the bands and then

photographed.
3.8 Sequencing and Phylogenetic analysis

The amplified 881 bp VP7- first round RT-PCR products were sequenced, aligned and
analysed with the corresponding VP7 sequences of rotavirus GI1 strains available in
GenBank using ClustalW. Similarly, the first round PCR products of VP4 genotyping
PCR were purified and sequenced. The nucleotide and amino acid similarity search was
done using NCBI-BLAST algorithm [337]. The VP4 genes belonging to the P[6]
genotype were analyzed with the corresponding VP4 sequences of rotavirus P[6] strains
available in GenBank using ClustalW. The phylogenetic analysis was carried out with
MEGA software, version 6.0 [338]. The phylogenetic tree was constructed using the
neighbor-joining method. The evolutionary distances were computed using the Kimura 2-
parameter method. The statistical significance of the different phylogenetic groupings

was estimated by bootstrap analysis with 1,000 pseudoreplicates.
3.9 Nucleotide sequence accession numbers

The VP7 nucleotide sequences of the rotavirus strains obtained in this study were
deposited into GenBank under accession numbers KM880063 (JU-SOL-173), KP938512
(JU-SHI-14), KP938513 (JU-SOL-5), KP938514 (JU-SOL-58) and KP938515 (JU-SOL-
77). The VP4 nucleotide sequences used in this study were submitted in GenBank under
accession numbers KP938516 (JU-SHI-14), KP938517 (JU-SOL-5), KP938518 (JU-
SOL-58), KP938519 (JU-SOL-77) and KMS880064 (JU-SOL-173). The accession
numbers of rotavirus reference strains used in VP7 analysis were JN849114 (Rotarix-
A41CB052A), GU565057 (RotaTeq-W179-9), L.24165 (C95), M92651 (T449), L.24164
(C60), AF426162 (SW20/21), AB018697 (AU19), U26376 (Israel-56), U26374 (Egy-8),
D16343 (KU), D16323 (K2), EF079065 (7206/JP), EF079064 (7014/JP), DQ377596
(PA5/03), DQ377598 (PA2/04), AB081799 (AU007), DQ377589 (PA378), U26387 (Oh-
64), U26370 (Cos-70), S83903 (1407), DQ377572 (PA78/89), DQ377587 (PA10/90),

56



U26378 (Kor-64), AB081795 (88H249), U26373 (Egypt-7), DQ377602 (PAl7c),
DQ377566 (PA3c), U26366 (Ban-59), AF183857 (CH631), DQ508167 (VN-281),
DQ512979 (Thai-804), AY098670 (ISO-4), AY631049 (Dhaka8-02), EF079067
(6916/JP), DQ512986 (J-4689), AF480293 (Mvd9o816), AF260945] (9756), F1948848
(6590), KJ870802 (KisB501), HM 130926 (Seoul-045), KJ870787 (KisB104), IN258390
(2008747323), GU392988 (GER109-08), HG917358 (E88997), HG917362 (E9606),
AB796443 (OH3385), AB796444 (OH3493), KF112996 (JS10-1), 1X411969 (UK-HLD).
The accession numbers of rotavirus reference strains used in VP4 analysis were
KJ752817 (MRC-DPRU4090), LC019055 (A23), KP882231 (Bang-129), KM008690
(KOL-30-08), KM008689 (KOL-26-08), KM008688 (KOL-19-08), KJ751996 (MRC-
DPRU2130-05), AF079356 (US1205), L20877 (M37), EF672612 (ST3), AY955299
(134/04-10), AY955300 (134/04-11), AY955303 (221/04-7), AY955302 (221/04-13),
AY955305 (51/03), AY955306 (51/04), AY955304 (51/02), AJ621507 (BP1338/99),
AJ621502 (BP271/00), AJ621504 (BP1198/98), AB770153 (AU19), AB176685 (JP3-6),
AY955310 (134/04-7), AJ621503 (BP720/93), AJ621505 (BP1227/02), KR052749
(Gottfried).

3.10 Statistical analysis

The prevalence of different viruses was estimated by the proportion of positive samples.
Bivariate analysis of differences in clinical characteristics of rotavirus positive and
rotavirus negative patients was done using Chi-square test. Difference in rotavirus
infection in male and female patients was analysed by Fisher’s exact test. Differences in
the rotavirus positivity by ELISA and RT-PCR; and genotype distribution in different age
groups were analyzed by chi-square test. P values <0.05 were considered statistically

significant.

3.11 In silico analysis

The work plan followed for the in silico analysis is depicted in the flow chart in Figure
3.2
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Monomeric structure prediction of vaccine and isolates using
multiple mutation option of Rosetta Backrub webserver

A4

Trimeric biological assembly predictions using ClusPro webserver

A4

Structural comparison of vaccine and isolates: RMSD estimation

A4

Antigen-Antibody docking using the Antibody Docking Mode of
ClusPro web server

Figure 3.2: Work plan for in silico analysis

3.11.1 Protein modeling and comparative analysis

The three dimensional protein structure of VP7 monomer was predicted using multiple
point mutation feature of RosettaBackrub server [339]. Suitable template was found by
carrying out the similarity search in Protein Data Bank using BLASTP. For template, the
crystal structure of VP7 protein was downloaded from Protein Data Bank by entering
searching for ‘3FMG’. The RosettaBackrub server yielded 10 structures with different
scores. The structure with least score was carried forward for oligomerization. The
monomeric structures were oligomerized into trimeric form using ClusPro web server
[340]. The trimeric structures were validated using RAMPAGE server and the
Ramachandran plot was generated of the proteins using SAVES server. The structures of
the isolates and vaccines strains were compared by superimposing them in UCSF
Chimera-Molecular Modeling System which gave the deviations by calculating RMSD
values [341].

3.11.2 Antigen-antibody docking analysis

The trimeric form of the VP7 protein of the isolates and vaccines were docked with the
crystal structure of the anti-VP7 antibody available in association with the VP7 protein
(BFMG) in the Protein Data Bank. The docking study was performed in the antibody

mode of ClusPro server [342].
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Chapter 4

Results




RESULTS

4.1 Sample collection

The stool samples of the diarrheic patients were collected from four hospitals across
Himachal Pradesh. A total of 607 samples were collected during the study. Out of the
total of 607 samples, 247 were collected from the children (<5 years), 50 were from older
children (6-17 years) and 310 were from adult (>18 years) patients. 299 samples were
obtained from the male patients and 308 samples were from female patients. The

demographic details of the patients included in the study are given in the Table 4.1.

Table 4.1: Demographic details of the patients included in the study

T(:)tal ¢ Gender Age Group
Medical centre n::n;ll;:
collected Male Female <S5 years >S5 years
Regional Hospital, 502 244 258 177 325
Solan
IGMC, Shimla 82 44 38 67 15
Regional Hospital,
12 7 5 1 11
Nalagarh
Regloqal Hospital, 1 4 7 5 9
Bilaspur
Total 607 299 308 247 360

4.2 Incidences of diarrheagenic viruses in the sample population

In the first phase of study, a total of 287 stool samples were screened for group A
rotavirus, norovirus (GI & GII) and enterovirus. In this phase, rotavirus emerged as the
predominant virus isolated in 79 samples whereas norovirus and enterovirus were
detected in only a small fraction of the samples. Therefore, the further study (including

screening and molecular characterization) was performed on rotaviruses only.

In the first phase, 99 (34.5%) out of 287 patients were positive for the various viral
pathogens (Table 4.2). Out of these, 97 (33.8%) patients were positive for a single virus
whereas a mixed infection was found in only 2 (0.6%) cases. Among single infections,

rotavirus was the most prevalent viruses with 27.5% (79/287) positivity among all cases.
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Enterovirus was the second most predominant viruses (4.9%, 14/287) followed by

norovirus GII (1.0%). Norovirus GI was the least detected virus with presence in only one

(0.3%) sample. Two patients showing mixed infection had a coinfection of rotavirus and

enterovirus in their stool samples.

Table 4.2: Frequency of diarrheagenic viruses in the sample population

Age Group Rotavirus Enterovirus Norovirus GI Norovirus GII C((l){il‘lli:f;:t‘i,(;n
flffzyf i 55 (49.5%) 6 (5.4%) 1(0.9%) 3 (2.7%) -
e 24 (13.6%) 8 (4.5%) 0(0.0%) 0 (0.0%) 2 (1.1%)
(133317) 79 (27.5%) 14 (4.9%) 1 (0.3%) 3(1.0%) 2(0.7%)

4.3 Rotavirus prevalence: ELISA vs RT-PCR

A total of 607 samples (including 287 from the first phase) were investigated for the

presence of rotavirus. 25.2% (153/607) of the samples were positive for rotavirus in
ELISA whereas the PCR-based method revealed positivity in 28.3% (172/607) of the
samples (P>0.05) (Table 4.3). Considering PCR as the reference, the sensitivity of ELISA

came out to be 84.5% and the specificity was found to be 98.6%. The positive predictive

value and negative predictive value of 96.1% and 94.1% were obtained for the ELISA test

(Table 4.4).

Table 4.3: Comparison of ELISA and RT-PCR for detection of rotavirus

Positive
Negative
Total

Frequency

P value
ELISA RT-PCR
153 (25.21%) 172 (28.34%) 50,05
454 (74.79%) 435 (71.66%) )
607 (100%) 607 (100%)
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Table 4.4: Characteristics of ELISA using RT-PCR as reference

Statistic Value 95% CI

Sensitivity 84.48% 78.23% to 89.52%
Specificity 98.61% 97.01% to 99.49%
Disease Prevalence 28.67% 25.10% to 32.44%
Positive Predictive Value 96.08% 91.66% to 98.55%
Negative Predictive Value 94.05% 91.46% to 96.04%

4.4 Distribution of diarrheagenic viruses in different age groups

(a) First Phase

Rotavirus was the most commonly identified virus in all age groups (Figure 4.1). A major
fraction of rotavirus infections were observed in children up to 2 years of age. In this
group, 50.0% (49/98) of the diarrheic patients were positive for rotavirus. The children
belonging to the age group of 3-5 years showed 46.2% (6/13) positivity for rotavirus.
Among the age groups of 6-17 years, 20.0% samples were positive for rotavirus.
Rotavirus infections were lowest in adults and elderly belonging to the age groups of 18-
65 and >65 years (15.4% and 5.0%, respectively). The distribution of enterovirus in
different age groups was 5.1% in <2 years, 7.7% in 3-5 years, 15.0% in 6-17 years and
5.1% in 18-65 years of age. The elderly patients >65 years of age revealed no enterovirus
infection. It is to be noted that among 6-17 and 18-65 age groups each had one case of
rotavirus and enterovirus mixed infection. As far as norovirus infection is concerned, all

four cases were reported in children under the age of 2 years.

604

Pecentage of positive patients

<2 3-5 6-17 18-65 >65
Age Group (Years)
Rotavirus Enterovirus =9 Norovirus El Mixed

Figure 4.1: Distribution of diarrheagenic viruses in the patients of different age groups
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(b) Distribution of rotavirus in different age groups

The distribution of rotavirus in different age groups followed similar pattern as the first
phase study. In the children up to 2 years of age, 51.2% (106/207) of the diarrheic
patients were positive for rotavirus. The rotavirus positivity in the age group of 3-5 years
showed 37.5% (15/40) positivity for rotavirus. In the samples from older children (6-17
years), 16.0% (8/50) were having rotavirus in them. Adults (18-65 years) and elderly
(>65 years) experienced the lowest prevalence of rotavirus with 14.0% (39/279) and

12.9% (4/31) positives, respectively (Figure 4.2).
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Figure 4.2: Distribution of rotavirus in patients of different age groups. The data labels represent
number of samples screened.

4.5 Association of clinical features with rotavirus infection

As rotavirus was the predominant virus detected in both children and adult patients, and it
is extensively reported that rotavirus infections are commonly and significantly associated
with additional clinical symptoms along with diarrhea [15, 28, 30], clinical features of the
rotavirus positive and rotavirus negative patients were compared to ascertain the
association of rotavirus infection with the clinical features of vomiting, fever (body
temperature above 100.4 F) and dehydration (Table 4.5). In children <5 years of age,
35.5% of rotavirus positive patients suffered from vomiting in contrast to 23.0% of the
non-rotavirus positive patients. These data showed a statistically significant association of
vomiting with rotavirus infection (P=0.0304). The statistically significant association of

dehydration with rotavirus infection was also observed during the study (P=0.0240).
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Similarly, the rate of fever in the rotavirus positive cases were higher compared to
rotavirus negative cases, but these differences showed no statistical significance. On the
contrary, in the age group >5 years, the rates of vomiting and fever in rotavirus infected
individuals were lower in comparison with the patients having non-rotavirus diarrhea. In
this age group, the rate of dehydration in rotavirus positive and rotavirus negative patients

was almost similar (these results were not statistically significant).

Table 4.5: Comparison of clinical characteristics of Rotavirus positive and Rotavirus
negative patients

Age Group Clinicefl . Rotavirus Positive  Rotavirus Negative P value
Characteristics (%) (%)
N=121 N =126
Vomiting 43 (35.5) 29 (23.0) 0.030
<3 years Fever 31 (25.6) 26 (20.6) 0.353
Dehydration 37 (30.6) 23 (18.3) 0.024
N=51 N = 309
Vomiting 7 (13.7) 63 (20.4) 0.265
>5 years Fever 2(3.9) 32 (10.4) 0.146
Dehydration 10 (19.6) 59 (19.1) 0.931

4.6 Seasonal distribution of rotavirus infection

The infection rate of the gastroenteritis viruses in different seasons was studied. Among
all the viruses under investigation, rotavirus infections were observed throughout the year
with no particular seasonal peaks (Figure 4.3 (A) and (B)). The highest prevalence of
rotavirus was seen in the cold months of winter (november-february) where the overall
(both children and adults) rotavirus positivity was observed in 38.5% samples. The season
with second highest prevalence was summer (may-june) which experienced 29.4%
rotavirus infectivity. The samples from autumn months (july-oct) revealed least rotavirus
positivity. The rotavirus infection in children was around 50% (£ 5%) in all the seasons
except autumn where only 39% of children were having rotavirus in their stool.
Enterovirus and norovirus infections were found prominently in the winter and autumn

se€asons.
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Figure 4.3 (B): Seasonal distribution of rotavirus infections
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4.7 Rotavirus genotypes

Out of the positive samples, 156 were available in sufficient quantity to carry out
genotyping. Out of these samples, G genotypes were obtained in 128 (82.1%) samples
whereas P-types were identified in 129 (82.7%) stool specimens. Seven (4.5%) and eight
(5.1%) samples could be genotyped either for G and P-type, respectively. Both G and P-
types were identified for 121 (77.6%) samples. Twenty samples (12.8%) were untypable
for both types. The representative gel images of the G and P genotypes identified in the

study are shown in Figure 4.4 (A) and (B).

Figure 4.4 (A). Representative gel image of the G-types identified in the study. Lanes M represents 100
bp DNA ladder. Lane 1 is the VP7 first round product. Lane 2, 3, 4, 5 and 6 represents G1, G2, G9, G10

and G12. Lane 7 is the negative control.
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Figure 4.4 (B). Representative gel image of the P-types identified in the study. Lanes M represents 100
bp DNA ladder. Lane 1 is the VP4 first round product. Lane 2 and 3 represents P[6] and P[8]. Lane 4 is the

negative control.

Among G-types, G1 emerged as the predominant VP7 type with 66.0% (103/156)
positivity (Figure 4.5A). G9 (11/156; 7.1%) was the second most isolated genotype
followed by G12 (6/156; 3.9%), G2 (1/156; 0.6%) and G10 (1/156; 0.6%). Mixed
infections of G1/G9 and GY9/G10 was observed in 3.2% (5/156) and 0.6% (1/156)
samples, respectively. Among P-types identified, P[6] (104/156; 66.7%) was the most
commonly identified type followed by P[8] (21/156; 13.5%) (Figure 4.5B). Coinfection
of P[6] and P[8] was seen in 2.6% (4/156) of the samples. As far as G and P combinations
are concerned, interestingly, G1P[6] (76/121; 62.8%) was the most abundantly circulating
rotavirus strain (Figure 4.5C). The globally and nationally common GI1P[8] (20/121;
16.5%) was the second most frequently detected genotype. Among other strains, G9P[6]
(9/121;7.4%), G12P[6] (6/121; 5.0%) and G2P[6] (1/121; 0.8%) were detected at
significant frequency. Mixed genotypes accounted for 7.4% (9/121) of all G-P
combinations (Table 4.6).
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Table 4.6: Characterization of rotavirus strains detected in the study

Genotype P[6] P[8] P[6] & P[8] P untyped Total
Gl 76 20 4 3 103
G2 1 0 0 0 1

G9 9 0 0 2 11
G10 0 0 0 1 1
G12 6 0 0 0 6

Gl & G9 4 1 0 0 5

G9 & G10 0 0 0 1 1

G untyped 8 0 0 20 28
Total 104 21 4 27 156

4.7.1 Distribution of genotypes in different age groups

The distribution of rotavirus genotypes within children (<5 years), older children (6-17
years) and adult (>18 years) sample population was also studied (Figure 4.6). The
frequency pattern of circulating genotypes in different age groups was similar to the
overall trend. G1P[6] remained the leading genotype in all age groups. This particular
genotype was identified in 56.7% (51/90) and 73.9% (17/23) of all genotyped samples in
children and adults, respectively. In the 6-17 years group, all the samples (8/8; 100.0%)
showed the presence of G1P[6] rotavirus strains. GIP[8] and G9P[6] were observed in
both children and adult samples in notable fractions whereas G12P[6] and G2P[6] were
detected only in the children samples. Mixed infections were evenly distributed in
children and adult patients where each group had 8%-9% mixed infection cases.
Although, the differences of genotypes with age groups showed no statistical significance

(P>0.05).
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Figure 4.6: Distribution of genotypes in different age groups

4.8 Phylogenetic and sequence analysis of the VP7 sequence of G1 rotavirus

Phylogenetic analysis of VP7 gene sequences showed that the G1 strains isolated from
Himachal Pradesh clustered into G1-Lineage 1 (Figure 4.7). But within G1-Lineage 1,
these strains do not cluster with any of the reported five (A-E) sublineages and lack
signature sequences of any of these. These results suggest that the isolated strains may
belong to a novel sublineage other than the previously reported sublineages. Moreover,
none of the isolates clustered with Rotarix (A41CB052A) and RotaTeq (W-179-9)

vaccine strains which belong to the G1-Lineage 2 and G1-lineage 3, respectively.
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Figure 4.7: Phylogenetic tree of VP7 gene sequences of rotavirus G1 strains. The phylogenetic tree was
constructed using neighbour-joining method. The values at the branch nodes represent the bootstrap values.
The Himachal isolates are indicated with black dots whereas vaccine sequences are indicated with black

triangles. The accession numbers of the sequences used in the tree are mentioned in the text.
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To assess the molecular basis of rotavirus diversity, the nucleotide and amino acid
sequences of VP7 protein were compared. The isolates JU-SHI-14, JU-SOL-5, JU-SOL-
58, JU-SOL-77, JU-SOL-173 were 99% identical to each other at nucleotide level. All the
five isolates showed 96.1% to 97.6% and 96.4% to 98.8% similarity with the other
lineage 1 strains on the nucleotide and amino acid levels, respectively. Within lineage 1,
all the five isolates revealed the maximum identity (97.4%-97.8%) with the Uruguay
strain, Mvd9816 at the nucleotide level. However, on the amino acid level, the isolated
strains shared maximum similarity with three strains, ISO-4 (98.2%-98.8%), VN-281
(98.2%-98.8%) and Mvd9816 (98.2%-98.8%), from India, Vietnam and Uruguay,
respectively (Table 4.7).

As reported by Phan et al. [343], there is a unique identification code for defining the
lineages. It comprises of fourteen amino acids at positions 29, 34, 35, 37, 42, 43, 50, 55,
57, 65, 68, 72, 74 and 75 that define a signature sequence. The alignment of translated
amino acid sequences of our strains revealed the signature code specific for lineage 1.
Within lineage 1, the amino acid substitutions at positions 72 and 74 defines sublineage
1A, 16 defines 1B, 268 defines 1C and 91 defines 1D. Sublineage 1E has no sublineage
specific mutations [343]. Interestingly, none of the isolates absolutely have the mutations
specific for any of the sublineages within lineage 1 (Table 4.8). All the isolated strains
showed a substitution of amino acid G with E at position 74 which is a characteristic
feature for sublineage 1A. But there is no sublineage 1A specific amino acid substitution
at position 72. This differentiates the isolates from the sublineage 1A specific strains. The
strain JU-SHI-14 and JU-SOL-173 bears an additional substitution at position 91 and 268,
respectively where amino acid T is substituted by A and I is replaced by V. These
mutations support the fact that the Himachal isolates are diverse from the strains

belonging to the five sublineages within lineage 1 and belong to a distinct sublineage.
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Table 4.7: Nucleotide and Amino acid similarity between Himachal isolates and lineage 1 strains

RVA/Human-wt/BGD/Dhaka8-02/2004/G1P8
RVA/Human-wt/IND/1S0-4/2002/G1PX
RVA/Human-wt/THA/Thai-804/2006/G1PX
RVA/Human-wt/VNM/VN-281/2006/G1PX
RVA/Human-wt/CHN/9756/2000/G1PX
RVA/Human-wt/URY/Mvd9816/2002/G1PX
RVA/Human-wt/JPN/J-4689/2006/G1PX
RVA/Human-wt/JPN/6916/JP/2006/G1PX
RVA/Human-wt/TWN/CH631/1999/G1P8

JU-SHI-14 JU-SOL-5 JU-SOL-58 JU-SOL-77 JU-SOL-173
N* (%) AA* (%) N (%) AA (%) N (%) AA (%) N (%) AA (%) N (%) AA (%)
96.1 97.6 96.5 98.2 96.3 97.6 96.5 98.2 96.3 97.6
96.3 98.2 96.7 98.8 96.5 98.2 96.7 98.8 96.5 98.2
95.9 97.6 96.3 98.2 96.1 97.6 96.3 98.2 96.1 97.6
96.1 98.2 96.5 98.8 96.3 98.2 96.5 98.8 96.3 98.2
96.9 97.6 97.4 98.2 97.2 97.6 97.4 98.2 97.2 97.6
97.4 98.2 97.8 98.8 97.6 98.2 97.8 98.8 97.6 98.2
96.3 98.2 96.7 98.2 96.5 97.6 96.7 98.2 96.5 97.6
96.1 98.2 96.5 98.2 96.3 97.6 96.5 98.2 96.3 97.6
95.9 96.4 96.3 97.0 96.1 96.4 96.3 97.0 96.1 96.4

*Nucleotide; * Amino acid
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Table 4.8: Lineage and sublineage specific amino acid substitutions in VP7 protein

Sublineages Strain Amino Acid positions and substitutions
Li::::; . 16 29 34 35 37 42 43 50 55 57 65 68 72 74 75 91 211 212 213 268
l | I Y F \' A A L L T A Q G | T N \' D |
1A Dhaka 8-02 . « e . . . . . . | . S R E \V} . . . . .
1B Thai-804 Q + ¢ . . . . . | . S . . \V} . . . . .
1C Mvdo816 . « s e . . . . . I . S . . \V} . . . . v
1D 6916 . « e . . . . . . I . S . . \V} N . . . .
1E CH631 . « e . . . . . . | . S . . \Vj . . . . .
JU-SHI-14 . e s . . . . . . | . S . E vV A . . . -
JU-SOL-5 . e s . . . . . . I . S . E \V} . . . . -
JU-SOL-58 . « s . . . . . . I . S . E \Vj . - - = =
JU-SOL-77 . « e . . . . . . | . S . E \Vj . . . . -
JU-SOL-173 . e s . . . . . . | . S . E \Vj . . . . v

Amino acids in ifalics represent sublineage specific mutations
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4.9 Comparison of VP7 sequences of isolated G1 strains with the strains from other

parts of India

The strains isolated in this study were compared with the other strains from different parts
of India (Kolkata, Manipur, Pune and Haryana) on the basis of amino acid sequence of
VP7 gene. Most of the amino acid variations lie in the antigenic regions (Preferably, A
and C) (Figure 4.8). In the region A, a Himachal isolate, JU-SHI-14 showed the amino
acid transition of T91A. Whereas, all the isolates from this study showed the substitution
of amino acid E instead of D at position 100. Region C had three positions where
Himachal isolates differ from the strains from other parts of the country. Strain JU-SOL-5
showed maximum amino acid differences at three positions (T210K, T2171 and A219D).
Two other strains, JU-SOL-77 and JU-SOL-173 were also having T217I transition. The
isolates did not have any amino acid variations in the antigenic region B. Outside the
antigenic regions, Himachal strains showed variations at two positions, 41 and 179 where

F is replaced by S and G is replaced by E, respectively.
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Figure 4.8: Alignment of amino acid sequences of VP7 protein of G1-Himachal isolates and strains

from other parts of the country. Dots represent the conserved amino acid residues. The antigenic regions

are indicated by black boxes.
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4.10 Comparison of VP7 sequences of isolated G1 strains and vaccine strains

The comparison of isolated strains with Rotarix vaccine strain showed 92.8% - 93.3% and
93.9% - 94.5% similarity at nucleotide and amino acid level, respectively. Similarly, the
isolated strains revealed 87% - 87.5% nucleotide and 91.9% - 92.6% amino acid
similarity with the RotaTeq strain. These results demonstrate that the isolated strains are
closer to the Rotarix strain on the nucleotide and amino acid levels than RotaTeq vaccine

strains.
4.11 Comparison of VP7 epitopes of isolated G1 strains and vaccine strains

The amino acid differences in the antigenic epitope region between circulating strains and
vaccine strains could have a substantial effect on the vaccine efficacy [344]. Therefore,
the antigenic regions of the isolated G1 strains and vaccine strains were compared to
ascertain the variability between these. The isolated strains showed five amino acid
differences in the epitope region as compared with Rotarix strain, whereas RotaTeq
showed a difference of seven amino acids (Table 4.9). A majority of the amino acid
changes were found in epitope region 7-la and it had amino acid changes at five
positions. In this region, there was a transition between T—A, N—S, D (RotaTeq) —E,
D—E and S—N at positions 91, 94, 97, 100 and 123, respectively. The region 7-2 has S
(RotaTeq) —N and M—T/I amino acid change at positions 147 and 217, respectively.
The significance of these mutations lies in the fact that they are the neutralization escape
mutation sites except amino acid at position 123 [34]. As far as region 7-1b is concerned,
it was found to be fully conserved between circulating strains and vaccine strains.
Mapping of the amino acid variations in the antigenic regions of the isolates and vaccines
on the trimeric structure of VP7 protein reveals that the differences were located

inconsistently on the exposed surfaces of the protein in the epitope region (Figure 4.9).
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Table 4.9: Alignment of antigenic amino acids in VP7 protein of Himachal isolates and vaccine strains

Rotavirus Epitope 7-1a Epitope 7-1b Epitope 7-2

Strain | g7 |91 (94 |96 |97 | 98 | 99 | 100 | 104 | 123 | 125 | 129 | 130 | 291 | 201 | 211 | 212 | 213 | 238 | 242 | 143 | 145 | 146 | 147 | 148 | 190 | 217 | 221 | 264
RotarixGl | T |T|N|G|E|w|k|Dp|a|s|v| v | p|k|a|N|[Vv| D|IN|T|K|D|laQ|N|L|s|M|N|Ga
R“;qu' T/ T/N|G|[D|w|lk|D|a|s|v| v| bp|k|a|N|Vv| D|N|T|K|D|aQ|s|L|s|M|N]|Ga
JusHi-14 | TIAlS|Gc|lE|W|K|E|la|N|V| V| D|]-]a|N|V|[D|N|-|Kk|D|Q|N|[L|[s[T|N]|-
wsots |[T|Tfs|c|leE|lw|k|E|Ja|N]|]Vv]|Vv|D|]-|a|N|V|D|-|-|k|D|la|N|[L|[s [t |N]|-
wsotss | T|Tls|Gc|lE|w|k|E]Ja|N|Vv]|Vv|Dp|-]lal|-|-|-]-|-|xkl|plalN|L|s]|-|-]|-
wsoL77 | T|Tls|Gc|E|w|k|E|Ja|N|V |V | D|-|a|N|[V|[D|[N|T|K|D|aQ|N|L|s |1 |N]|-
wsor173 | T|Tfs|c|lE|w|k|E|Ja|N]|]V]|Vv]|D|]-|]a|N|V|D|N|T|Kk|D|Q|N|L/|[s[IL|N]|-

Yellow color represents amino acid differences between Rotarix and RotaTeq. Magenta represents residues that differ from both Rotarix and

RotaTeq. Cyan represents amino acid residues that differ from RotaTeq.
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(a) G1 vs Rotarix-G1 (b) G1 vs RotaTeq-G1

- 7-1a |:| 7-1b - y 7. - Amino acid variation

Figure 4.9: Structural representation of VP7 trimer proteins. Different regions of antigenic epitopes are shown in cyan (7-1a), yellow (7-1b) and magenta (7-2)

colours. The amino acid differences between Himachal strains and vaccine strains are indicated with red colour.
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4.12 Phylogenetic and sequence analysis of the VP4 sequence of P[6] rotavirus

The P[6] strains isolated from Himachal Pradesh during this study were 98%-100% and
99%-100% identical with each other on the nucleotide and amino acid level, respectively.
Phylogenetic analysis of P[6] strains revealed that all the strains belong to sublineage Ia

within lineage I (Figure 4.10).

& RVA/Human-wt/IND/JU-SOL-T7/2012/G1P6
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Figure 4.10: Phylogenetic tree on the basis of partial VP4 nucleotide sequence. The strains from the
present study are indicated with black dots. The tree was rooted using OSU strain as an outgroup. The

values at branch node are the bootstrap values and are expressed as percentages.
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The Himachal strains showed 93% to 98% and 94% to 98% identity on nucleotide and
amino acid level, respectively with the reference strains M37, US1205 and ST3. The
Himachal strains showed 98% to 99% nucleotide and 99% amino acid similarity with
Indian strains from Kolkata (KOL-30-08, KOL-26-08, KOL-19-08). Interestingly,
Himachal strains also clustered with foreign strains MRC-DPRU5090 and MRC-
DPRU2130-05 (South Africa), A23 (Myanmar) and Bang-129 (Bangladesh). All the
strains showed very high (99% nucleotide and 99%-100% amino acid) identity with these

foreign strains.
4.13 Protein modeling and comparative analysis

The 3D structures of vaccine and rotavirus strains were predicted using Rosetta Backrub
Server. The structure of 3FMG was made to undergo mutations at the specific position of
Rotarix-G1, RotaTeq-G1, Rotavac-G9, JU-SHI-14, JU-SOL-5 and JU-SOL-58. The
changes in JU-SOL-77 and JU-SOL-173 were similar to JU-SOL-5 so its results could be
implemented on JU-SOL-77 and JU-SOL-173, respectively. The mutations were carried
out using multiple point mutation feature of Rosetta Backrub Server. It predicted 10
structures with different weighted score. The structure with minimum balanced score was
carried forward for trimerization as it had maximum stability. The minimum scores for

the isolates and vaccines are depicted in the Table 4.10.

Table 4.10: Minimum balanced score obtained for each model

Structure Balanced Score
3FMG 1561.680
Rotarix-G1 1220.780
RotaTeq-Gl1 1215.980
Rotavac-G9 1197.120
JU-SHI-14 1193.412
JU-SOL-5 1213.045
JU-SOL-58 1211.697

For trimerization, the pdb files of monomer units were subjected to cluspro server which
yielded 15 structures with different weighted scores. The structure with the least weighted

score was selected for each protein and carried forward for comparative and docking
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analysis. All the trimers showed good stereochemical qualities and have 98.3%-99.0%
residues in the allowed and favoured regions of the Ramachandran plot (Table 4.11;

Figure 4.11).

Table 4.11: Analysis of Ramachandran plots

Residues in favoured Residues in Residues in outlier
Model region (%) allowed region (%) region (%)
Rotarix 619 (88.6) 68 (9.7) 12 (1.7)
RotaTeq 617 (88.3) 72 (10.3) 10 (1.4)
Rotavac 636 (91.0) 55(7.9) 8 (1.1)
JU-SHI-14 626 (89.6) 66 (9.4) 7 (1.0)
JU-SOL-5 625 (89.4) 65 (9.3) 9(1.3)
JU-SOL-58 627 (89.7) 65 (9.3) 7 (1.0)
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Figure 4.11: Ramachandran plots of the proteins modeled in the study.
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To study the effect of amino acid variation on the structure of the proteins, the isolates
were compared to the vaccine strains by superimposing them. The RMSD is the deviation
of the position of atoms between the superimposed structures. The RMSD value of <2 A
signifies no significant differences between the superimposed structures. In this study, on
comparing the isolates individually with Rotarix, RotaTeq and Rotavac, no significant

difference in the protein structure was observed (Figure 4.12).
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Figure 4.12: Comparison of vaccine strains with rotavirus strains using RMSD.

4.14 Antigen-antibody docking analysis

The protein structures of the isolates and vaccines were subjected to antibody docking,
where the effect of amino acid variations on antibody binding was studied. The weighted
scores obtained for the antigen antibody complex of the vaccines and isolates showed no

considerable differences (Figure 4.13).
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Figure 4.13: Scoring function in the form of weighted score obtained after antibody docking analysis.
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Chapter 5

Discussion



DISCUSSION

In the words of Rose George, Journalist & Author of The Big Necessity, ‘Diarrhea is the
world’s most effective weapon of mass destruction’. Diarrheal disease poses a severe
threat to mankind and is the second leading killer of children around the world.
According to recent estimates by the World Health Organization, more than one million
children die because of diarrhea each year [1]. The diarrhea associated mortality is
highest in the under developed and developing countries of the world [1]. Infectious
diarrhea is caused by a spectrum of bacterial, viral and parasitic pathogens. To reduce
diarrheal mortality and morbidity, it is essential to study the burden of different
diarrheagenic pathogens in a particular region of the country or the world. In the first
phase of the present study, we have studied the prevalence of viral pathogens (rotavirus,
norovirus and enterovirus) that cause diarrhea to ascertain the relative disease burden of
these viruses in the state of Himachal Pradesh. The first phase of the study revealed the
fact that among the viruses under investigation, rotaviruses emerged as the single most
important pathogen responsible for diarrhea in the region, therefore a more extensive
study over a longer period of time and including additional samples was performed to

specifically study the rotavirus associated disease burden.
5.1 Prevalence of Rotavirus, Enterovirus and Norovirus

Rotavirus is the most common cause of childhood diarrhea. It is responsible for
approximately 40% cases of diarrhea in children [8]. In India, rotavirus is the reason
behind the death of around 79,000 children each year [9]. In the present study, rotavirus
emerged as the single most important virus and was detected in 49% of children below
the age of 5 years. According to different studies, rotavirus prevalence in the low income
countries of Asia (India, Bangladesh, Pakistan, Vietnam, China) and Africa is very high,
where 30%-40% of hospitalized children were positive for rotavirus infections [217, 345-
350]. The rotavirus detection rate found in this study is much higher than these studies.
As far as India is concerned, there are a large number of studies which have studied the
epidemiological and clinical aspect of rotavirus in different parts of the country.
According to recent studies, the rotavirus positivity in Indian children was found to be
varying generally from 26%-40% [351-353]. In a multicentre study conducted by Kang et
al. in 2013, overall rotavirus positivity in India was found to be 40% [351]. This study

included 10 representative hospitals from different parts of the country. The rotavirus
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positivity was highest in the southern region (44%) followed by the eastern (42%) and
northern regions (40%). The lowest rate of rotavirus detection was observed in the
western parts of India where 35% samples were positive for rotavirus. A recent study
which included 12 medical centers across India reported the rotavirus detection rate of
26.4% during the 16 months of surveillance period [353]. Keeping in view the national
and international figures of rotavirus prevalence, the high rotavirus positivity of 49% in
the present study is a crucial finding from this part of country. However, there are studies
from some parts of the country which reported the rotavirus prevalence of as high as 71%
in Calicut [354], 53% in Kolkata [355] and 50% in Trichy [352]. Rotavirus infection in
adults is not widely reported and the role of rotavirus in adult gastroenteritis is still not
completely understood. But the outcome of this study suggests the significant role of
rotaviruses in adult gastroenteritis where around 14% of diarrheic adults have rotaviruses
in their stool samples. This detection rate is marginally higher than the studies from other
parts of the country [356, 357] but is in accordance with study from Pune where this virus
was detected in 17.2% of adults [356]. Although there are some reports from other parts
of the world where this virus was responsible for as high as 63% incidences in adults
[285]. These results signify that the rotavirus associated morbidity in adults cannot be
ignored and warrants the need to extensively and compulsorily monitor rotavirus

infection in adults.

The role of enterovirus as a diarrheagenic pathogen is not very well recognized. However,
their diarrheagenic potential is gaining more recognition after the emergence of reports
claiming it as a pathogen identified in a number of diarrhea surveillance studies [17, 20,
358-362]. In the present study, enterovirus emerged as the second most common virus
identified in diarrheic patients with a detection rate of around 5% (though it was much
less than rotavirus) among all age groups. In a recent study conducted by Patil et al. in the
western part of India, the rate of enterovirus detection in the gastroenteritis patients (14%)
were significantly higher than the non-gastroenteritis control group (5%) [18]. This shows
an association of enteroviruses with acute gastroenteritis. It is interesting to note that, in
our study, out of 16 enterovirus positive cases, 10 were adults. This shows that
enteroviruses may cause diarrhea in adults too. Although the proportion of enterovirus
isolated in the study is very less in comparison with rotavirus which was detected in as

high as 49% of children and 14% of adults.
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Norovirus is a well recognized viral pathogen which causes epidemic and sporadic
diarrhea in both adults and children. Some studies have even reported it as the leading
cause of diarrhea, especially in children where rotavirus is believed to be the foremost
viral pathogen [5]. Among various norovirus genogroups, the outcome of majority of the
studies shows that GII is the foremost cause of diarrhea in humans [307]. In this study
also, norovirus GII was detected in 1.0 % cases in contrast to the 0.3 % prevalence of
norovirus GI. However, it is very interesting to note that the prevalence of norovirus in
the region is exceptionally low unlike majority of studies from India and other counties
which reports norovirus as a prominent diarrheagenic pathogen in both epidemic and
sporadic cases [363-365]. The outcomes of this study are indicative of the low circulation
of norovirus in the region and it can be considered that norovirus is not an important

etiological agent of diarrhea at least in this part of the country.
5.2 Age wise distribution of viruses

Altogether, among the three viruses, rotavirus was the only pathogen which was detected
in all the age groups. The most vulnerable of all the age groups were children below the
age of five years and it has been observed that children <5 years of age have an increased
rotavirus infection rate in comparison with adults (P<0.0001). Studies have reported that
the most rotavirus infections in children occurs before the age of 2 years [257, 366, 367]
and in this study also the children <2 years of age demonstrated the highest rate (51 %) of
rotavirus infections among all the patients belonging to different stages of life.
Enterovirus infection was evenly distributed between the children (<5 years old) and >5
years old patient groups. This points out the diarrheagenic potential of enteroviruses in all
stages of life and propels us to consider it as one of the major viruses involved in both
infant and adult diarrhea. All the norovirus infections in the study emerged from the
infants and thus strengthen the belief of considering norovirus as important diarrheagenic
pathogens in childhood diarrhea. To summarize, the affect of the diarrheagenic viruses on
the subjects of different age groups, it can be observed that the most susceptible
population are the infants (<2 years) who suffer the major disease burden of the viruses
included in the study. This could be because of the incompetence of the developing
immune system of the children to set off the sufficient immune response which can
combat the infecting pathogens. Studies have shown that the children between the age of
6-12 months show a diminished level of maternal antibodies and are least protected

against rotavirus infections [368, 369]. Also children of this age group are in the process
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of crawling and walking stages where they could pick up the unhygienic materials in their
mouth thus making them more exposed to the pathogens [370]. The relatively low
infection rate of viral pathogens in older children may be due to the immunity developed

because of previous exposures during the early stages of life [371].
5.3 ELISA vs RT-PCR

In this study, rotavirus detection was carried out by two different techniques: ELISA and
PCR. ELISA is the widely used method for the detection of rotavirus infections. Many
surveillance studies rely on this method for studying the prevalence of the virus [351-353,
372, 373]. The ELISA based methods are economical, time saving and easy to perform.
These qualities make them the preferred method of choice. But the efficiency of ELISA
kits remains in question. The other commonly used technique for the detection of
rotavirus is PCR. PCR, either conventional or real time, has greater sensitivity and
specificity and can be employed to detect different genotypes [374]. In this study, we
have compared the ELISA based method with the more efficient and sensitive method of
RT-PCR. The sensitivity and specificity of the ELISA came out to be 84.48% and
98.61%, respectively confirming the high efficiency of RT-PCR.

5.4 Clinical association of rotavirus infection

Rotavirus infection exhibits a spectrum of symptoms, primarily being vomiting and
dehydration. In this study, the association of clinical features (vomiting, fever and
dehydration) with rotavirus infection was studied. It was interesting to note that the
children with rotavirus infection have higher rates of vomiting, fever and dehydration in
comparison with their rotavirus negative counterparts. This shows that rotavirus infection
has a substantial association with the accompanying symptoms (along with diarrhea) and
hence severity of illness is higher. During the study, it was found that vomiting was
significantly associated with rotavirus infection (P<0.05) where 35.5% of the children
with rotavirus diarrhea experienced vomiting in contrast to 23% children having non-
rotavirus diarrhea. This high trend of vomiting in rotavirus infected patients is supported
by the reports which state that vomiting is the common symptom associated with
rotavirus infection and precede diarrhea in almost half of the rotavirus infection cases

[375].
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Rotavirus infection is also found to cause rigorous diarrhea resulting in severe
dehydration [376]. In fact there are studies which reported that the children having severe
diarrhea have two times more chances of having rotavirus diarrhea [377]. The clinical
investigation of the diarrheal children in this study also showed the significant association
of dehydration with rotavirus infection (P<0.05). Around 26% of children suffering from
rotavirus gastroenteritis were found to be suffering from fever which is 5% higher than
the rate of fever in non-rotavirus gastroenteritis cases. However this association of fever
with rotavirus infection showed no statistical significance in Chi-square test. As a whole,
these results are in concordance with the other studies which reported that rotavirus
infected children suffer from more severe illness than children having non-rotavirus
gastroenteritis [345, 353, 370, 378-380]. On the contrary, in the adult subjects, the rates of
vomiting, fever and dehydration was considerably lower in rotavirus positive cases. This
leads to the conviction that rotavirus infection results in more severe illness in children
than adults and this might be an explanation for the higher rotavirus associated mortality

in children than adults.
5.5 Seasonal distribution of rotavirus infection

The seasonal distribution of rotaviruses in this study revealed some interesting findings.
Seasonal fluctuations in rotavirus infections are well established and extensively reported
[381-383]. Seasonality of rotavirus infection varies widely around the globe. According
to a common belief, rotavirus infections show a marked seasonality in the temperate
regions of the globe, where rotavirus infections are at peak in the winter season with very
rare infections in the months of summer. Whereas in the tropical parts of the world,
rotavirus infections occur year round with no particular seasonal peaks [384]. A number
of attempts have been made to correlate the seasonal patterns with the climatic conditions
such as rainfall, humidity and temperature but no robust link could be established.
Although, the outcomes of different studies concludes that risk of rotavirus infections
increase with the low temperature, low relative humidity and low levels of rainfall [385-
391]. In this study, rotavirus infections were observed in all the seasons of the year. The
rotavirus positivity of the samples was highest in the months of winter where 38.5%
samples were positive for rotavirus. These results are in accordance with the other studies
from northern India which shows maximum rotavirus infections and hospitalizations in
the winter season [345, 351, 353, 383, 392]. But unlike those studies, rotavirus infection

rate in this study was comparatively higher in the other seasons also. In fact, summer
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season (May-June) witnessed the second highest rotavirus detection rate with positivity in
almost 29% samples. Equal figures were obtained in the spring season. However, as
expected, the months between August to October (autumn) showed the least prevalence
of rotavirus in the region but still having considerable rotavirus associated
hospitalizations. This weird and different seasonality of rotavirus in Himachal Pradesh
may be due to the geographical and climatic conditions of the region. Here the summers
are not very hot because of the high altitude and hilly terrain. Also the region experiences
low relative humidity which is favorable for spread of rotavirus. The year round
prevalence of rotavirus in the region warrants the implementation of continuous
surveillance and preventive measures against the virus throughout the year and not only

in particular seasons.
5.6 Molecular epidemiology of rotavirus

The effectiveness of any vaccine in a particular region depends on its ability to protect
against the circulating strains at that time [35, 393]. Therefore it becomes imperative to
study the molecular epidemiology of the rotavirus which can be helpful in designing of
the preventive strategies against the virus. Among 32 G-types reported till date, G1, G2,
G3, G4, G9 and GI12 are the most common genotypes isolated from humans [28].
Rotavirus G1 (VP7 type) is the most common genotype found in humans globally as well
as from different parts of India [28, 161, 352, 353, 357, 378]. In our study, the frequency
of G1 genotype is in accordance with the global and national trends. Here, G1 rotavirus is
identified as the foremost G-type with frequency of 66.03%. The significance of high
circulation of G1 lies in the fact that former studies have shown total absence of this
genotype but predominance of G2 strain in the region [38, 39]. On the contrary, G2 was
isolated only in one case during this study. Other globally common G-types (G3 and G4)
were totally absent in the region. This pattern of circulating genotypes is different from
the other parts of the country. G9 and G12 are believed to be the emerging genotypes and
studies from various parts of the world have reported them as the predominant genotypes
[355, 394-396]. G9 was first detected in humans in 1987 and eventually it has established
itself as the important strain responsible for gastroenteritis. G12, for the first time was
reported in India in 2003 [397] and since then numerous reports from different parts of
the country have detected it in significant fractions [345, 351, 398, 399]. In our study, G9
and G12 strains were the second and third leading cause of gastroenteritis, respectively.

This reassures the increasing importance of G9 and G12 strains in human gastroenteritis
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and warrants the need to include them in the future vaccines. G10 is commonly associated
with cattle but it has been found to infect humans also [187, 217, 400]. The molecular
analyses of the G10 strains from human have shown the involvement of interspecies
transmission and genetic reassortment events [400, 401]. G10 alone and in mixed
infection with G9 was detected in two cases (both children) in the current study. Further
analysis and characterization of these isolated G10 strains is required to study their origin

and evolution.

In the present study, P[6] emerged as the predominant genotype with 66.7% incidence.
Globally, P[4] and P[8] are the most common VP4 types found in humans. P[6] genotype
is a rare genotype in industrialized countries but is prevalent in Asian and African parts of
the world [175, 199, 402]. The latest Indian Rotavirus Surveillance Network (IRSN)
study reported that 33% and 21% of rotavirus infections in India are attributed to P[8] and
P[4] strains whereas P[6] strain was isolated in merely 10% cases [351]. This proportion
of P[6] strain nationally is drastically lower than the one witnessed in this study. The
predominance of P[6] strains in the present study is an interesting finding from this part
of country. However, this high frequency of P[6] strains in Himachal Pradesh is not new
to this region. Two previous reports on rotavirus diversity are available from this region
and both the reports have documented significantly high rate (71.4% and 97.3%) of P[6]
circulation in the region [38, 39]. This suggests the continuous elevated prevalence of
P[6] in the region from last two decades. The second most common VP4 genotype in this
study was P[8] with 13.36% positivity. The other globally and nationally common P-type,
P[4] was not detected in any of the cases. This altered diversity of P-types is very crucial

in designing and implementing the preventive strategies in the region.

As far as, G-P combinations are concerned G1P[8] is the most common genotype
reported in the previous studies from the other parts of India and the world. The
association of G1 with P[6] or any other genotype is considered unusual. But in this
study, G1P[6] combination was the leading genotype responsible for 62.8% incidences.
According to our knowledge, this is the first time in India when we are witnessing such
high infection rate attributed to GIP[6] rotavirus strains. The detection of G9P[6],
G12P[6] and G2P[6] in this study suggest that P[6] genotype is circulating in association
with all the G-types identified. G9 and G12 in this study were found to be in exclusive
association with P[6] strains in contrast to the previous studies from other parts of the

country where both the genotypes were found in major association with P[8]. Similarly
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G2 is commonly found to be associated with P[4], but in this study, the only G2 strain
detected was having P[6] with it. This high prevalence of unusual combinations in the
region is very fascinating and compels us to report such high prevalence of rotaviruses
with unusual genotype combination. The relatively low frequency of globally
predominant strain, G1P[8] in the region is also a notable finding of the study.
Interestingly, there is no significant variation of circulating genotypes observed in the
children and adult samples. This suggests the unbiased circulation of diverse rotavirus

strain in the different age groups.

Currently, two rotavirus vaccines, RotaTeq and Rotarix are licensed in India and
indigenously developed Rotavac emerged as a vaccine candidate for inclusion in
vaccination program. The G1 genotype which emerged as predominant type in this study
is a component of both RotaTeq and Rotarix whereas G9, the second leading genotype is
the part of Rotavac vaccine. Studies have shown that the vaccines show a broad
heterotypic protection with similar protection against homotypic and heterotypic strains
[403]. It would be interesting to see that how efficiently the Rotavac vaccine having

GO9P[11] genotype would work against nationally predominant G1 strains.
5.7 Molecular characterization of VP7 and VP4 viral protein

The molecular characterization of the VP7 protein was performed in the present study.
VP7 is the most abundant outer most protein of the virus and an important target for the
immune response generated against the virus [50, 55, 61]. In the present study, we have
found that G1 was the most common VP7 genotype identified. Therefore, we have
analyzed the VP7 gene of G1 strains prevalent in Himachal Pradesh and compared them
with the G1 components of the Rotarix and RotaTeq vaccines to investigate the genetic
and antigenic variations. The phylogenetic analysis in our study reveals that the isolated
Himachal strains belong to the subgenotypic lineage 1 whereas the Rotarix and RotaTeq
strains clustered in the lineage 2 and 3, respectively. In such a case, will there be any
effect on vaccine efficacy? There is no robust data or evidences to prove that. But there
are studies which show that intragenotypic nucleotide differences have a correlation with
the antigenic differences. A study by Matthijnssens et al. reported that a rotavirus
vaccinated child got infected by rotavirus G1 strain belonging to different lineage than the
vaccine strain [404]. In another study, Hoshino et al., proposed G9-lineage 1 rotavirus

strains as more suitable vaccine candidate than strains belonging to lineage 2 or 3 [405].
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They have constructed VP7 substitution mutants bearing VP7 gene from different G9
specific lineages to study the immunogenic potential of all the three G9 subgenotypic
lineages by raising the antisera against them. The outcome of the study showed that the
antibodies against lineage 1 strains were able to neutralize the lineage 2 and 3 strains very
efficiently with high titer values whereas the lineage 2 and 3 specific antibodies were not
as efficient in neutralizing the lineage 1 strains. It might be possible that mutations in the
lineage and sublineage specific amino acids belonging to the antigenic region rendering

antibody escaping to the strains.

In the present study, a comparative analysis between the G1 strains and vaccine (Rotarix
& RotaTeq) strains revealed significant number of amino acid changes in the antigenic
epitope regions 7-1 and 7-2. These amino acid differences could influence antigenicity of
the strains and might give rise to neutralization antibody escape mutants [65, 344]. In
1996, Jin et al investigated a vaccine failure episode in USA where children vaccinated
with the D strain of rotavirus suffered G1 rotavirus infection post immunization [406].
The interesting part of the study was that the break through strains which evaded the
immunization elicited neutralizing antibodies belonged to the same serotype as the
vaccine strain D and its identical Wa strains. On investigating the antigenic region of VP7
amino acid sequence, the authors found that the break through strains differ from the
vaccine strains at positions 97 and 147. Both these positions are very critical components
of neutralization epitopes and lies in the epitope region 7-1a and 7-2, respectively. This
study supports the fact that difference in antigenic region of circulating strains and

vaccine strains could lead to vaccine failure or at least reduce the vaccine efficacy.

In the epitope region, Himachal G1 strains and vaccine strains exhibited variations in the
amino acid composition at crucial neutralization antibody binding sites (region 7-1a and
7-2). But these strains were found to be closer to Rotarix strain (having five amino acid
substitutions) in contrast to the RotaTeq strain, where seven amino acid differences were
present. As far as the antigenic epitopes of Rotarix and RotaTeq strains are concerned,
they both differ at two amino acids at positions 97 and 147. In Rotarix, there is a
Glutamic acid and Aspargine whereas RotaTeq has Aspartic acid and Serine at positions
97 and 147, respectively. All of the G1 strains under investigation were found to possess
Glutamic acid and Aspargine at these positions. These results are in accordance with
other studies which showed similar results with G1 strains from other part of India [37,

407-409]. If the amino acid variations between circulating strains and vaccine strains are
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effective enough to reduce the vaccine efficacy then Rotarix emerges as the favorite
vaccine candidate to be administered in the region. But it is yet to be established. Also,
these amino acid substitutions in the neutralization antibody escape sites are not exclusive
in this study. A number of other studies from different parts of the world have
documented these mutations [410-415] and they seem to have no apparent adverse effect
on vaccine effectiveness in their region [269, 270]. These results show that the
immunization efficiency of the vaccine does not solely depend on the epitope region of
VP7 protein but there may be some other regions or other proteins which are also

responsible for immunogenic potential of the virus.

P[6] rotaviruses were first identified to be associated with asymptomatic infections in
neonates [416]. Although, with time, P[6] emerged as an important rotavirus genotype to
be associated with gastroenteritis in humans, especially in African countries [161]. The
molecular analysis of human P[6] strains from different geographical locations reveals the
predominance of lineage la across the globe [417-419]. Although a number of highly
divergent lineages are found in humans in Hungary, Italy, China, Vietnam, Brazil,
Argentina, India and Ecuador [417]. The molecular analysis of VP4 genes of P[6] strains
isolated in this study also reveals that all the isolates cluster within lineage 1a. The high
sequence similarity of the isolates with the African and other international strains from
nearby countries is a crucial finding and impels us to carry out molecular characterization
of other important genes (including VP7 and NSP4) so that the evolutionary

characteristics of the P[6] strains can be studied.
5.8 In silico analysis

To ascertain the effect of amino acid variations on the structure of the VP7 protein of the
isolates and then subsequent binding with the anti-VP7 antibody, we have carried out the
in silico analysis. In this analysis, the VP7 protein structures of the vaccines and isolates
were predicted/ modeled using Rosettabackrub and cluspro servers. These predicted
structures of the isolates were compared with each of the vaccine strains to know if the
amino acid variations in the epitope region have resulted in the alteration in the protein
organization. The RMSD analysis revealed no significant variation in the structures of the
isolates and vaccine strains. This is interesting to find that even after having five
(Rotarix), seven (RotaTeq) and fifteen (Rotavac) amino acid differences, the VP7 protein

of Himachal isolates did not vary from the vaccines on the structural level. The possible
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explanation for this can be the chemical characteristics of the substituting amino acids.
On observing the chemical characteristics of the amino acids under study, we can see that
all the amino acids which are varying between the isolates and vaccines are having
similar chemical characteristics except in isolate JU-SHI-14. For example, on comparing
the isolates with Rotarix, it can be seen that at position 94, N is replaced by S where both
are polar amino acids. Similarly RotaTeq and isolates vary at position 97 where D is
replaced by E. Here also both the amino acids are having similar chemical characteristic
and have acidic R group. The other amino acids undergoing substitution also show similar
trend except one isolate (JU-SHI-14). It has been observed that if an amino acid is
replaced by its counterpart having different chemical characteristic of polarity or charge,
than it may alter the structure of the overall protein. But this has not been observed at
least in this study where out of fifteen amino acid variations, half of them bear a
substitution between amino acids having converse chemical characteristics. Further

structural analysis and interaction studies are required to study this behavior of protein.

The objective of antigen antibody docking analysis was to study the antibody binding
characteristics of the isolates and compare them with the vaccine strains. It has been
reported that the change in amino acid in the epitope region can result in reduced or
altered binding of the neutralizing antibody and thus may lead to weakened immune
response. In the study, it was found that the binding energy (referred to as weighted
score) of the antibody with the VP7 protein of isolates is almost similar to the binding
energy of the vaccines under study. This reflects that in spite of amino acid differences,
the isolates likely behave in a similar fashion to that of the vaccine, as far as their
interaction with the antibody is concerned. Thus, it can be concluded on the basis of this
basic in silico study that the antibody binding capability of the isolates is retained in the
similar manner to that of the vaccines and thus it can be hypothesized that on the
administration of these vaccines in the children of Himachal Pradesh there will be no
negative effect on vaccine efficacy. Although this is merely an assumption which can be
made, but actual inference can only be obtained after the availability of post vaccination
data. However, before the availability of post vaccination data, serological analysis by
wet lab experiments can generate more reliable information on this aspect. This study is
limited by the fact that the only anti-VP7 antibody structure available in PDB were raised

against rotavirus G3 strain and used for the present in silico docking study. The more
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reliable results can only be obtained once the anti-G1 antibody structure is available and

then used for docking studies against G1 strains.
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Conclusion




CONCLUSION & FUTURE PROSPECTS

Keeping in view the disease and economic burden associated with the diarrheal diseases,
it becomes imperative to study the epidemiological and etiological features of this disease
in the different regions of the country. This study indicates the predominance of rotavirus
in the region and a significant disease burden can be attributed to this virus among all age
groups. Enterovirus is also detected in considerable fraction and thus imposing a need to
consider it as a potential pathogen accountable for human diarrhea. However, a very
important diarrheagenic virus, norovirus was detected in a very low frequency. This study
not only throws light on the relative prevalence of the important diarrheagenic viruses but
also furnish preliminary data which would be helpful in formulating the preventive
strategies against them. In particular, the high infection rate of rotavirus in children and
its year round prevalence warrants immediate attention in order to reduce the morbidity

and suspected mortality due to this pathogen.

GI1P[6] was observed as the predominant cause of rotavirus diarrhea in the region.
However, G9P[6] and G12P[6] were also detected in significant proportion. As a whole,
this study provides crucial data on rotavirus epidemiology and strain diversity in children
and adult population of the region. We anticipate that this data will be helpful in
implementing the preventive strategies accordingly which would be helpful in reducing
rotavirus associated disease burden in the otherwise unexplored state of Himachal
Pradesh. Further molecular analysis of G10 isolates is required to study their evolutionary

characteristics which could probably ascertain interspecies transmission mechanism.

The phylogenetic and molecular analysis of VP7 gene reveals the belonging of isolates to
a novel sublineage within lineage 1. The isolates under investigation have considerable
amino acid differences as compared to the vaccine strains in the epitope region and thus
might have an adverse effect on the vaccine efficacy. Although, in silico analysis revealed
no adverse effect on the binding of antibody to the antigen. But this cannot be ascertained
without further serological analysis and extensive genetic and molecular studies including
larger proportion of circulating strains at different time intervals (pre- and post-
vaccination). However, this molecular analysis gives preliminary information on the
genetic diversity of the circulating strains and can navigate the further approaches to

study the diversity of G1 rotaviruses circulating in Himachal Pradesh, India.



In a nutshell, this study paves way for more extensive molecular and serological studies

in future involving larger spectrum of viral and bacterial pathogens.
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Chapter 8

Appendices



Reagents and Buffers
All the reagents and buffers for RNA work were prepared in nuclease free Milli Q grade
water and sterilized by autoclaving for 15 min at 15-psi pressure unless otherwise

indicated.

Phosphate Buffered Saline (PBS), per litre

KH,PO4 034¢g
K,;HPO,4 121g
NaCl 80¢g
pH 7.3

TAE Buffer (50X)
Tris Base 242 g
Glacial Acetic Acid 57.1 mL
0.5 M EDTA (pH 8.0) 100 mL
Final Volume 1000 mL

6X loading dye for agarose gel elctrophoresis

Bromophenol Blue 0.25 %
Xylene cyanol 0.25 %
Glycerol 30 %
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project. The project was cleared form the ethical angle. While granting ethical clearance,
the investigators were advised to obtain written informed consent from patients on
consent forms and to submit six monthly progress reports to the ethics committee.

Member Secretary- Ethics committee
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Professor & Head

Lhe Chict NMedeal Othee

Wy
Pristrict Hospatat, =
Solan. H.P
INDIA

Sub: Request tor approyal of collection ot stool specimens from drarrheal patients

Deur Sir.

Our department is planning to mittate rescarch work on diarrhea (Dr. .lil'cndmu \";1.\'11isu
and Dr. Harish Changotra). In the first phase of this project. we will look for the
incidence of causatin e agents associated with this discase: bacterial as well as viral
agents. In this rescarch project. we need your help regarding clinical samplg trom the

paticnts ot District Hospital, Solan, which s the biggest organization in this region.
The autcome of the praject will be henefieial m the berier diagnosis (molecular) as well

G DY The treatinend af T pabiciins

v We will be highls Hl‘?l_:j.L\l iovon plense pive yvour kind approval tor the collection or
‘ chimeal \.:mpl;'a fromm :;Avlli hospital, We are positively looking for collaboration \'\i\h
J" vour hospital tor imter-disciphinary studies in the area ol medical biotechnology. Your

sQM assistance will be duly acknowledped
:‘\ ‘))A{ With best regards.

Sincerely Youwrs

\

(Pral., RS« h.:r(‘llm;\:.ﬁ{u
Endst No : HFW-SLN-IDSP-General /2012 ), { Date A-R~| 2_ the Solan

Copy forwarded to:

(1) Dr. R K. Baria, Medical Superintendent. RH Solan (H.P.) for information and kindly
cooperate in the above said project

(2) Sh. Prem Dass Computer, CMO Office Solan for information and also provide the data
related to Diarrhea.
g) Dr. R.S. Chauhan (Prof. & Head), Jaypee University of Information Tech. Waknaghat, P.O.-

Dumehar Banj , Kandaghat, Solan -173215 for information and Kindly contact to the above
mentioned Officers/Official.

\ Medical Officer of Health
‘T\ N (A X \\L ‘ Solan District/Solan
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Friedreichs Ataxia and DNA Structure in Health & Disease. Held at New Delhi, India
on 11-13 April 2015.
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