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Abstract: Background: Noroviruses and rotaviruses are important viral etiologies of severe gastroenteritis. Norovi-
ruses are the primary cause of nonbacterial diarrheal outbreaks in humans, whilst rotaviruses are a major cause of
childhood diarrhea. Although both enteric pathogens substantially impact human health and economies, there are no
approved drugs against noroviruses and rotaviruses so far. On the other hand, whilst the currently licensed rotavirus
vaccines have been successfully implemented in over 100 countries, the most advanced norovirus vaccine has re-
cently completed phase-I and II trials.

Methods: We performed a structured search of bibliographic databases for peer-reviewed research literature on

ARTICLE HISTORY advances in the fields of norovirus and rotavirus therapeutics and immunoprophylaxis.

Results: Technological advances coupled with a proper understanding of viral morphology and replication over the
past decade has facilitated pioneering research on therapeutics and immunoprophylaxis against noroviruses and
rotaviruses, with promising outcomes in human clinical trials of some of the drugs and vaccines. This review focuses
on the various developments in the fields of norovirus and rotavirus therapeutics and immunoprophylaxis, such as
potential antiviral drug molecules, passive immunotherapies (oral human immunoglobulins, egg yolk and bovine
colostral antibodies, llama-derived nanobodies, and antibodies expressed in probiotics, plants, rice grains and insect
larvae), immune system modulators, probiotics, phytochemicals and other biological substances such as bovine milk
proteins, therapeutic nanoparticles, hydrogels and viscogens, conventional viral vaccines (live and inactivated whole
virus vaccines), and genetically engineered viral vaccines (reassortant viral particles, virus-like particles (VLPs) and
other subunit recombinant vaccines including multi-valent viral vaccines, edible plant vaccines, and encapsulated
viral particles).
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Conclusions: This review provides important insights into the various approaches to therapeutics and immunopro-
phylaxis against noroviruses and rotaviruses..
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1. INTRODUCTION
1.1. Norovirus

nausea and vomiting, which may be uncontrolled, profuse and pro-
jectile, resulting in severe dehydration [2, 6]. In healthy individuals,
norovirus infection runs a self-limiting course with clinical signs
usually lasting for 2-4 days. On the other hand, the disease has been
shown to be prolonged and/or more severe, sometimes associated
with life threatening complications in young children, older people,
immunocompromised individuals and patients with underlying
health conditions, such as chronic heart, or kidney ailments [2, 6].

Noroviruses, a member of the family Caliciviridae, are one of
the leading causes of viral gastroenteritis in humans, accounting for
approximately 18% of all cases of diarrhea worldwide [1, 2]. In
developed countries, noroviruses have been recognized as the most
common cause of non-bacterial diarrheal outbreaks in both children
and adults, responsible for around 19-21 million illnesses, 56,000-
71,000 hospitalizations and 570-800 deaths annually in the US
alone [1-4]. Although rotaviruses are regarded as the major cause of
childhood diarrhea in developing countries, noroviruses are now
fast emerging as the most prevalent etiological agent of severe gas-
troenteritis in children in countries that have implemented rotavirus
vaccines in their immunization programs [4]. A recent review at-
tributed over 200,000 childhood deaths in developing countries to
noroviruses [5].

Morphologically, noroviruses possess a single-stranded positive
sense RNA genome (~7-8 kb) enclosed in a non-enveloped icosa-
hedral capsid [7]. The RNA is covalently linked to the nonstructural
protein VPg (viral protein, genome-linked) at the 5-’end and has a
polyA tail at the 3-” end [8]. Human norovirus RNA contains three
open reading frames (ORFs), designated as ORF1-3 [8]. ORF-1
encodes a polyprotein which is post-translationally cleaved into six
or seven nonstructural proteins (p48 [NS1/2], NTPase [NS3], p22
[NS4], VPg (NSS5], a viral protease [Pro, 3C-like, NS6] and a viral
RNA-dependent RNA polymerase [RdRp, NS7]) by the virus-
encoded 3C-like cysteine protease (3CLpro) (Fig. 1) [7-9].

On the other hand, ORF-2 and ORF-3 encode the structural
proteins VP1 and VP2, respectively (Fig. 1) [8]. The VP1 is the
major capsid protein and contains antigenically significant epitopes

Noroviruses are transmitted directly by the fecal-oral route, or
through exposure to aerosolized vomitus, and indirectly through
contaminated food, water and fomites [2, 6]. Clinical signs of noro-
virus infection in humans include diarrhea, abdominal cramps,
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[10]. Ninety dimers of the VP1 constitute the norovirus icosahedral
capsid. Structurally, the norovirus VP1 consists of an internal shell
(S) domain and the protruding (P) domain. Whilst the S domain
tends to be conserved, the P domain is more variable and has been
further subdivided into P1 and P2 subdomains [7, 8, 11]. The P2

© 2018 Bentham Science Publishers
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Fig. (1). The norovirus genomic RNA, subgenomic RNA, and structural (VP1 and VP2) and nonstructural (p48, NTPase, p22, VPg, 3CLpro and RdRp] viral
proteins. The VPg protein covalently binds to the 5’- end of the viral genomic and subgenomic RNA, whilst the 3’- end of the viral RNA is polyadenylated.

Anti-noroviral targets, including potential targets, have been shown with symbol \&/. 1. Virus capsid (VP1)-host cell receptor binding blockers: carbohy-
drate analogs of fucose (citrates, glucomimetics), heparan sulfate analogs (Suramin), soluble histones, tannic acid, and HBGA-blocking monoclonal antibod-

ies. 2. 3C-like cysteine protease (3CLpro) inhibitors: peptidyl transition state (TS) inhibitors, latent peptidyl TS inhibitors, peptidyl TS mimics, Macrocyc-
lic peptide inhibitors, and Rupintrivir. 3. RNA-dependent RNA-polymerase inhibitors: nucleoside (Ribavirin, Favipiravir and 2'-C-methyl-cytidine) and
non-nucleoside (Suramin and NF023) analogs. 4. Targeting viral RNA: Peptide-conjugated phosphorodiamidate morpholine oligomers (PMO), and
siRNA. 5. Targeting VPg-host factors interactions: Hippuristanol. 6. Targeting viral RNA-interacting host factors: potential inhibitors of factors, such

as La, PTB, DDX3, PCPB2, and hnRNPs. 7. Targeting other host factors/pathways crucial to virus replication, such as inhibitors of cellular deubiquit-
inases (WP1130 and 2-Cyano-3-Acrylamide Compound-6), molecular chaperone hsp90, and cholesterol pathways.

subdomain is positioned on the external surface of the viral capsid Noroviruses exhibit high levels of genetic diversity [2]. Impor-
and consists of a hypervariable region that interacts with Histo- tant mechanisms of genetic diversity of noroviruses include point
Blood Group Antigen (HBGA) receptors on host cells [12-14]. mutations that are attributed to the error-prone activity of RdRp,
Noroviruses encode only a few copies of the VP2. The VP2 is and recombination events. Based on phylogenetic analyses of the
located at the inner surface of the viral capsid, in association with VP1- encoding gene, noroviruses are classified into at least six
the VP1 S domain, and is believed to enhance the stability of VP1 genogroups (GI-VI) and a tentative 7" genogroup [22]. Genogroups
[7,8, 15]. are further subdivided into over 30 genotypes [22]. Human norovi-

ruses primarily belong to GI, GII, or GIV. Majority of the clinical
cases of norovirus infection have been associated with GIL.4 strains
[22-25]. However, recently, GII.P17-GII.17 strains were found to
be predominant in some parts of Asia [26, 27].

The replication of noroviruses has been exhaustively reviewed
elsewhere [7, 8, 16], and will be discussed briefly here, as many of
the approaches to designing anti-norovirus molecules target various
stages of the virus replication process. Noroviruses attach to host
cells through the interactions between the VP1 and the host HBGA

oligosaccharide receptors [10, 17]. However, recent studies have 1.2. Rotavirus

provided in vivo evidence for HBGA-independent binding and in- Rotavimses, a member of the family Rqui” idae, are a major
ternalization of human norovirus particles, pointing towards the cause of dlarrhea. in young of humans.and animals [28]~ Although
involvement of other or additional host cell surface receptor/s [18]. recent global, regional, and country estimates on rotavirus mortality
Although the virus internalization events remain to be clearly eluci- rates revealed an overall decline in rotavirus-associated childhood
dated, murine noroviruses have been shown to rely on cholesterol (aggd <5 year) .deaths frgm 528,009 in 2000. to 2.153000 il{ 20.13,
and dynamin in a clathrin- and caveolae-independent pathway [19, attributed to the introduction of rotavirus vaccines in immunization
20]. programs, the number of deaths from rotavirus disease still remains

very high, especially in developing countries, such as India, Nige-
ria, Pakistan, and Democratic Republic of Congo [29]. Rotaviruses
are responsible for 114 million episodes of diarrhea that require
home care, 24 million visits to the clinics, and 2.4 million hospitali-
zations, accounting for ~36% of all hospitalizations with diarrhea

Norovirus replication has been shown to occur in close associa-
tion with rearranged intracellular membranes, such as those derived
from the Golgi apparatus, or endoplasmic reticulum [21]. Following
uncoating and disassembly, transcription and translation of viral
RNA occurs in the cytoplasm of infected host cells [7, 8, 16]. The

VPg protein recruits host translational factors that mediate the (30, 31].

translational process of viral RNA which acts as the mRNA. ORF-1 Rotaviruses are commonly transmitted by fecal-oral route, di-
encodes the polyprotein that is cleaved post-translationally into 6 or rectly, or indirectly through contaminated food, water, or fomites
7 nonstructural proteins by 3CLpro. Subgenomic +RNA synthe- [28, 32]. Depending on the complex interactions between the host
sized during virus replication are utilized for translation of viral and viral factors, rotavirus infection can be symptomatic or asymp-
VP1 and VP2 proteins. The processes involved in norovirus assem- tomatic [33]. Clinical signs in symptomatic cases include self-

bly and release remain to be clearly elucidated [2, 6-8, 16]. limiting diarrhea with defection of watery and non-bloody stool,
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low grade fever, vomiting and abdominal pain [32]. Rotavirus dis-
ease can be severe and/or prolonged in children with immunodefi-
ciencies, or following organ transplantation [32]. Rotaviruses are
zoonotic, as evident from increasing accumulation of conclusive
data on animal-to-human interspecies transmission and reassort-
ment events [34, 35].

Rotaviruses are non-enveloped viruses with a three layered
capsid that contains 11 segments of double-stranded RNA (dsRNA)
[36]. The rotavirus genome encodes six structural proteins, desig-
nated as VP1-VP4, VP6 and VP7, and five or six nonstructural
proteins, designated as NSP1-NSP5/6. The VP7 protein forms the
outer layer of the capsid. The VP4 spike proteins project outward
from the capsid. The outer capsid VP7 and VP4 proteins are anti-
genically significant, eliciting neutralizing antibodies, and form the
basis of the currently licensed rotavirus vaccines [36]. The VP6
constitutes the middle capsid layer, whilst VP2 is the inner core
protein. The VP1 is the viral RNA-dependent RNA-polymerase.
VP3 functions as the capping enzyme for viral RNA. The rotavirus
nonstructural proteins coordinate and regulate virus replication,
antagonizes host immune responses, subvert important cellular
mechanisms to facilitate successful virus replication, and are asso-
ciated directly and indirectly with viral pathogenesis [28, 33, 36,
37].

The rotavirus replication process (Fig. 2) has been exhaustively
reviewed elsewhere [36], and will not be discussed in details here.
Briefly, the virus primarily infects the enterocytes of the intestinal
villus. Following virus attachment and entry into host cells, which
is a multistep process that involves sialic acid receptors and in-
tegrins, the virus is localized into endosomes. Within the endosome,
the virus loses its outer capsid layer, and the resultant double-
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layered particles (DLPs) actively transcribe mRNA from viral RNA
that are released into the cytoplasm. These mRNAs serve as tem-
plates for dsRNA synthesis for progeny virions, or are translated
into the structural and nonstructural viral proteins [36]. The initial
stages of packaging (early stage DLPs) and replication occur in
cytoplasmic inclusion bodies known as viroplasms. Thereafter,
DLPs interact with endoplasmic reticular membrane, acquire the
outer capsid protein, and progeny virions are eventually released by
budding [36].

Based on differences in the VP6 protein and/or gene, rotavi-
ruses have been classified into at least 8 groups/species and a tenta-
tive 9™ species [38, 39]. Among them, rotavirus-A (RVA) are the
major cause of viral diarrhea in infants and children. RVAs are
further classified into G- and P- genotypes on the basis of variations
in the antigenically significant outer capsid protein VP7- and VP4-
encoding gene, respectively [36]. To date, at least 32 G and 47 P
genotypes have been reported [40]. Although multiple G-P geno-
type combinations have been reported in humans so far, G1-G4, G9
and G12 in conjunction with P[4], P[6], or P[8] are considered as
the common human genotypes [28, 35, 38, 40]. A whole genome-
based genotyping scheme that assigns genotype to all the 11 gene
segments is also available [38].

2. NOROVIRUS THERAPEUTICS AND IMMUNOPRO-
PHYLAXIS

Although human noroviruses are a major public health concern,
small animal models and cell culture systems were until now lack-
ing, hindering developments on therapeutics and prophylaxis of
norovirus infection [1, 2, 41]. As a result, there is no licensed noro-
virus vaccine for humans so far, although the most advanced vac-

Maturation:
VP4 proteolysis

Intermediate membrane
displacement by VP7

Triple-layered particle
(TLP)

Fig. (2). Replication of rotavirus in host cell. Potential anti-rotaviral targets have been shown with symbol ® ® 1. Blocking virus attachment and entry into

host cells: sialylmimetics, lactadherin-derived peptides, neoglycolipid receptor mimetics, and membrane-impermeant thiol/disulfide-blockers. ® 2. Inhibition
of viral RNA and/or protein synthesis: genistein, phosphonoformic acid [foscarnet, PFA], ribavirin and other nucleoside analogs, 3-deazaguanine (3-DG),

neomycin and other aminoglycosides, actinomycin D, mycophenolic acid, isoprinosine, viscogens (glycerol), and siRNA.

tion: nitazoxanide.

3. Inhibition of viroplasm forma-

4. Suppression of virus replication, and/or virus maturation through inhibition of host cell lipid metabolism pathways and/or homeosta-

sis of lipid droplets (LD): bile acids and farnesoid X receptor (FXR) agonists, 5-(tetradecyloxy)-2-furoic acid (TOFA), triacsin C, isobutylmethylxanthine
(IBMX) + isoproterenol, stilbenoids, lovastatin, and cyclooxygenase inhibitors. Lipogenesis and its role in rotavirus replication has been excellently reviewed
by Lever and Desselberger, 2016 [169]. This image has been modified with permission from the original source: ViralZone www.expasy.org/viralzone, © SIB

Swiss Institute of Bioinformatics [297]. RER, rough endoplasmic reticulum.
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cine candidate has successfully demonstrated proof-of-concept in
two human challenge studies [42]. On the other hand, there are only
a few reports on antiviral treatment in humans. However, on the
brighter side, technological advances over the past decade has fa-
cilitated pioneering research on norovirus therapeutics and im-
munoprophylaxis, resulting in the identification of several potential
antiviral drug molecules (Fig. 1, Table 1) and some vaccine candi-
dates (Table 2). In the following two sections, we shall be focusing
on the numerous advances made in the fields of norovirus therapeu-
tics and immunoprophylaxis.

2.1. Norovirus Therapeutics

In typical outbreak situations, the primary line of treatment of
clinical cases of norovirus infection has been rehydration therapy,
with a lot of emphasis on decontamination procedures [6, 7]. De-
pending on the severity of dehydration and frequency of vomition,
treatment may comprise oral intake of fluids, or intravenous ad-
ministration of fluids.

2.1.1. Drugs Under Clinical Development

Among the norovirus drugs in clinical development, Nita-
zoxanide, initially developed and marketed as an antiprotozoal
drug, was shown to reduce the duration of norovirus illness in a
double-blind, placebo-controlled clinical trial [43]. In another
study, Nitazoxanide alleviated the clinical signs in an immunosup-
pressed patient, although he kept on asymptomatically shedding the
virus for one more month [44]. Although Nitazoxanide has shown
promise in the treatment of norovirus and rotavirus gastroenteritis,
limited information is available on its antiviral actions, necessitat-
ing further studies [45].

2.1.2. Targeting Virus Binding to Host Cell Surface

Using state-of-art tools, such as X-ray crystallography, Mass
spectrometry, STD-NMR and surface plasma resonance technol-
ogy, it has been possible to gain vital and detailed insights into the
norovirus capsid-host cell HBGA receptor/s interactions, presenting
attractive targets for designing antiviral molecules [7, 46-49]. Since
the capsid binding sites that interact with fucose residues of HBGA
receptors are conserved among human noroviruses, several carbo-
hydrate analogs with structures resembling that of fucose are being
considered as potential norovirus binding blockers, such as citrate
and other glucomimetics [46, 47, 49-52]. For example, in a recent
study, two oligosaccharides present in human milk, 2’-
fucosyllactose (2°FL) and 3-fucosyllactose (3FL), were shown to
block GII.10 norovirus Virus-Like Particles (VLPs) from binding to
HBGAs [53]. GII noroviruses have also been found to bind to cell
surface heparan sulfate proteoglycan, and therefore, the role of
heparan sulfate analogs, such as heparin and suramin as binding
blockers are being explored [54]. Soluble histones, such as histone
H1, a heterologous histone molecule, appear to associate with both
VLPs and cell surfaces, thereby preventing the binding of viruses to
intestinal cells [55]. In a study based on 50 Chinese medicinal
herbs, tannic acid was shown to inhibit the interaction between
noroviruses and HBGA receptors [56]. The prospects of generating
HBGA-blocking monoclonal antibodies that would act in a similar
fashion as the hemagglutination inhibiting or neutralizing antibod-
ies of influenza viruses are also being considered [57].

2.1.3. Targeting the Virus-encoded Cysteine Protease, 3CLpro

One of the attractive targets for designing anti-norovirus mole-
cules is the virus encoded enzyme, 3CLpro. As mentioned earlier,
3CLpro catalyzes the cleavage of the viral polyprotein into non-
structural proteins during virus replication. The high-resolution
structure of 3CLpro with a detailed map of the active site has been
obtained [58-61]. The active site of the enzyme contains a catalytic
triad which consists of a cysteine (nucleophile) residue, a histidine
(general base catalyst) residue, and a glutamic acid that aligns the
base and facilitates the deprotonation of the nucleophile [61, 62].
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Using Fluorescence Resonance Energy Transfer (FRET)-based
assays [63] and a cell-based norovirus replicon system [64], it has
been possible to identify several 3CLpro inhibiters. These include
peptidyl Transition State (TS) inhibitors, latent TS inhibitors and TS
mimics [65-71]. The TS inhibitors are competitive inhibitors with an
aldehyde, a-ketoamide, or a-ketoheterocycle moiety as the war head,
and form a reversible-covalent bond with the enzyme [72]. The latent
TS inhibitors are bisulfite adducts derived from TS inhibitors that
revert back to the aldehyde warhead [70]. On the other hand, the pep-
tidyl TS mimics, such as a-hydroxyphosphonates and o-
hydroxyesters, bind non-covalently to the enzyme [68, 72]. Peptidyl
inhibitors have been shown to suppress replication of murine norovi-
ruses (strain MNV-1) in the small intestine of mice [66].

In addition to TS inhibitors, 3C protease inhibitors possessing a
Michael acceptor, such as Rupintrivir (a, f-unsaturated ester as the
Michael acceptor moiety), are being considered as anti-norovirus
agents [73]. Rupintrivir interacts in an irreversible-covalent manner
with the active site of 3CLpro. Although originally used for the
treatment of enterovirus-71 infections, Rupintrivir was found to
demonstrate cross-genotypic anti-norovirus activity, including hu-
man and murine noroviruses, and holds promise as a broad-
spectrum anti-norovirus agent [73].

Macrocyclic peptides have been found to be less susceptible to
proteolysis and have a more rigid drug-like structure compared to
the linear peptidyl TS inhibitors [72]. Moreover, conformational
constrained macrocyclic peptides exhibited enhanced membrane
permeability compared to linear TS inhibitors [72]. Therefore, these
molecules are promising candidates with regards to drug stability
and oral bioavailability. Two recent studies have demonstrated the
inhibitory activities of oxadiazole-based and triazole-based macro-
cyclic peptides on the norovirus 3CLpro [66, 74].

2.1.4. Targeting the Virus-encoded RNA-Dependent RNA Polym-
erase, RdRp

Another attractive target for designing anti-norovirus mole-
cules is the RdRp, as this enzyme is crucial to replication of the
norovirus genome [7]. Inhibitors of norovirus RdRp include nucleo-
side and non-nucleoside analogs. The nucleoside inhibitors are
phosphorylated to triphosphates by host cell enzymes, following
which they exert antiviral effects [75, 76]. Ribavirin (RBV) is a
purine analog that was shown to be effective against human and
murine noroviruses in cell culture [77]. In a recent study, RBV
therapy resulted in complete symptomatic and histological recovery
of 3 persistently infected human patients with common variable
immunodeficiency [78]. Although RBYV is believed to exert antivi-
ral effects through multiple mechanisms, the anti-norovirus activity
of RBV is believed to be primarily associated with depletion of
GTP levels in host cells [77, 79]. Murine noroviruses were found to
exhibit high quasispecies diversity following in vitro exposure to
RBV [80].

Two other nucleoside analogs, Favipiravir (T-705) and 2'-C-
methyl-cytidine, have been shown to inhibit human and murine
noroviruses [81-86]. 2'-C-methyl-cytidine acts as a classic chain
terminator, whilst Favipiravir is believed to exert antiviral actions
through multiple mechanisms. Favipiravir has been shown to com-
pete mostly with ATP and GTP at the initiation and elongation
steps [86]. Favipiravir was also found to elicit norovirus mutagene-
sis in vivo, which may sometimes lead to virus extinction [87]. In
cell-free enzymatic assays, Favipiravir and 2'-C-methyl-cytidine
were shown to be more potent inhibitors of human norovirus RdRp
than RBV [86].

The non-nucleoside analogs, such as Suramin and NF023, in-
duce a conformational change in RdRp by binding to the allosteric
sites of the enzyme, thereby inhibiting the replication process [88,
89]. Suramin also binds to heparan sulfate, and its potential role as
a norovirus binding-blocker is also been explored [54].
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Table 1. Therapeutic approaches against norovirus infection.

Antiviral Approach

Molecule/Formulation

Targeting virus binding to host cell surface

Carbohydrate analogs with structures resembling fucose (citrate and other glucomimetics,
milk oligosaccharides).

Heparan sulfate analogs (heparin and suramin).
Soluble histones.
Tannic acid (Chinese herbs).

HBGA-blocking monoclonal antibodies.

Targeting the virus-encoded cysteine protease,
3CLpro

Peptidyl TS inhibitors (aldehyde, a-ketoamide, or a-ketoheterocycle moiety as war head).
Latent TS inhibitors (bisulfite adducts).

TS mimics (a-hydroxyphosphonates and a-hydroxyesters).

Macrocyclic peptide inhibitors.

3C protease inhibitors possessing a Michael acceptor (Rupintrivir).

Targeting the virus-encoded RNA-dependent
RNA polymerase

Nucleoside analogs (Ribavirin, Favipiravir and 2'-C-methyl-cytidine).

Non-nucleoside analog (Suramin and NF023).

Other approaches targeting the virus/viral
replication

Heterocyclic carboxamide derivatives.

Cyclosulfamide- and acyclic sulfamide derivatives.

Synthetic (E)-2-styrylchromones.

Piperazine derivatives.

Hippuristanol.

NTPase (NS3) inhibitors.

Peptide-conjugated phosphorodiamidatemorpholine oligomers.

siRNA.

Targeting host cell factors/pathways crucial to
virus replication

Inhibitors of virus RNA-interacting host proteins.

Cellular deubiquitinase inhibitors (WP1130 and 2-Cyano-3-Acrylamide Compound-6).
hsp90 inhibitors.

Inhibitors of cholesterol pathways (ACAT inhibitors).

Passive immunotherapies

Oral human immunoglobulins.
Egg yolk antibodies.
Conventional monoclonal antibodies.

Recombinant monoclonal llama-derived nanobodies.

Nanoparticles

Silver nanoparticles.
Gold/Copper Sulfide Core/Shell Nanoparticles.

Copper iodide nanoparticles.

Natural phytochemicals and other biological
substances

Flavonoids (black raspberries, cranberries, grape seeds, green tea extracts, mulberries, per-
simmons and pomegranates).

Catechins (grape seeds and green tea).

Polymeric tannins (berries and persimmons).

Anthocyanidins and polyphenols (Black berries, cranberries, mulberries and pomegranates).
Saponins (red ginseng).

Chitosan (chitins from crustacean exoskeleton).

Oregano oil.

Citric acid.

Probiotics Bifidobacterium adolescentis
Lactococcus lactis
Lactobacillus paracasei
Others Nitazoxanide (Drug under clinical development, limited data available on antiviral actions).

HBGAs incorporated hydrogels.

Bismuth subsalicylate.

ACAT, acyl-CoA:cholesterol acyltransferase; HBGA, histo-blood group antigen; hsp90, heat shock protein 90; siRNA, small interfering RNA; TS, transition state.
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Table 2. Features of norovirus vaccine candidates.
Vaccine Candidate VLP Formulation VLP (Based on Viral Vectors) Formulation P Particle Formulation
Contains VP1 capsid domain(s) Pand S Pand S P

. Baculovirus (Eukaryotic), potato,
Expression systems
tobacco, tomato, yeast

Adenovirus, Newcastle disease virus,
Venezuelan equine encephalitis virus,

E. coli, yeast
Vesicular stomatitis virus.

Platform for foreign antigens Yes (Rotavirus)

Yes (Astrovirus, Hepatitis E
Not evaluated . . R
virus, Influenza virus, Rotavirus)

Intramuscular (IM)

Animal studies Yes Yes Yes
Human clinical trials Several [Take.da IM bivalent (GI.1 No No
+ GII.4) vaccine, proof of concept]
Oral
Route (Humans) Nasal Not studied Not studied

2.1.5. Other Studies Targeting the Virus/Viral Replication

In addition to the compounds discussed in previous sections,
several other molecules have been screened for anti-norovirus
properties by various research groups, although the exact mecha-
nism/s of action/s of these agents remain to be more clearly eluci-
dated. In a recent study, heterocyclic carboxamide derivatives ap-
peared to exhibit antiviral effects on murine noroviruses in cell-
based screening systems, possibly by acting on intracellular viral
replication, or during virus assembly and release [90]. Cyclosul-
famide- and acyclic sulfamide derivatives have been found to in-
hibit norovirus replication in cell-based systems [91, 92]. In another
study, synthetic (E)-2-styrylchromones showed potential anti-
norovirus activity against murine noroviruses [93]. The prospects of
designing anti-noroviral agents based on the piperazine scaffold
that can bind to multiple receptors with high affinity are also being
investigated [94].

Other innovative approaches targeting directly the virus that are
being explored include (i) disruption of the recruitment of host
factors by the VPg protein. The role of hippuristanol is being inves-
tigated in this regard, as it has been shown to inhibit translation of
murine norovirus and feline calicivirus, and is less toxic to cells
[95]; (ii) Inhibition of NTPase (NS3) activity; (iii) Peptide-
conjugated Phosphorodiamidate Morpholine Oligomers (PMO) that
are directed against the first AUG of the viral ORF1 coding se-
quence; and (iv) Small interfering RNA (siRNA)-mediated target-
ing of the norovirus genome [75, 96, 97].

2.1.6. Targeting Host Cell Factors/Pathways Crucial to Virus
Replication

Since the successful replication and translation of noroviruses
rely on several host factors, an alternative strategy has been to tar-
get these factors, with the advantage that such inhibitors are less
susceptible to drug resistance. Viral RNA-interacting host factors,
such as La, PTB, DDX3, PCPB2, and hnRNPs, have been shown to
interact with the secondary structures formed by norovirus RNA,
although the role/s of these factors in the viral replication cycle
remain to be clearly elucidated [98]. Inhibitors of these viral RNA-
interacting proteins may be explored as potential anti-noroviral
drugs [98, 99].

WP1130, a small molecule inhibitor of cellular Deubiquitinases
(DUBSs), was found to inhibit replication of murine noroviruses in
murine macrophages, and human norovirus in a replicon system by
targeting the cellular DUB USP14 [100]. Recently, 2-Cyano-3-
Acrylamide DUB inhibitors, such as compound C6, that are struc-

turally related to WP1130 have been identified [101]. Compound
C6 was found to display similar levels of inhibitory effects on mur-
ine noroviruses in murine macrophages, but exhibited lower toxic-
ity in cell culture and improved pharmacokinetic properties com-
pared to WP1130 [101]. In another recent study, the stability of
capsid proteins of human and murine noroviruses were shown to be
linked to the activity of the molecular chaperone hsp90 (heat shock
protein 90), and inhibition of hsp90 in vivo reduced the production
of infectious norovirus particles [102].

Cholesterol pathways are crucial for norovirus replication
[103]. Inhibition of Acyl-CoA: cholesterol acyltransferase (ACAT)
was found to reduce the levels of norovirus infection, and expres-
sion levels of Low Density Lipoprotein Receptors (LDLRs) [103].
LDLRs are hypothesized to facilitate viral replication by acting as a
co-factor in viral replication complexes [103]. Interestingly, statins,
a commonly prescribed cholesterol-lowering drug, were shown to
increase the expression of LDLRs, and may be a risk factor in se-
vere cases of norovirus infection [103].

2.1.7. Interferons

Interferons (IFNs) are a class of signaling peptides that have
antiviral activities, and are used to treat certain viral infections.
Both type-I and II IFNs inhibited translation of murine noroviruses
in vitro [104]. An additive inhibitory effect on norovirus replication
has been observed following the usage of RBV with IFNs in cell-
based replicon system [77]. In a recent study, IFN-y (type-III) was
shown to clear murine noroviruses from a persistently infected mice
in absence of adaptive immunity [105]. Synthetic nanogels based
on cross-linked Polyethyleneimine (PEI)-Polyethylenglycol (PEG)
are being developed for oral delivery of INFs in norovirus infection
[106]. Although studies on murine noroviruses have revealed the
importance of INFs in host control of viral infection, a recent study
provided strong evidence that human noroviruses RNA replication
does not induce an IFN response, suggesting a limited role of IFNs
in host control of human norovirus replication [107].

2.1.8. Passive Immunotherapies

Oral Human Immunoglobulin (OHIG) therapy has been shown
to be effective in several, but not all chronic shedders of norovirus,
and found to be clinically useful in transplant and immunocom-
promised patients [108-110]. Passive immunization using anti-
norovirus antibodies prepared in poultry eggs has also been ex-
plored [111, 112]. In one study, chickens immunized with norovirus
P particles were found to continuously produce high titers of anti-
bodies in eggs for at least 3 months [111]. The egg yolk antibodies
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not only blocked binding of norovirus VLPs and P particles to
HBGA receptors, but also strongly reacted with norovirus P parti-
cles by both ELISA and Western blot. In another study, eggs con-
taining dual antibodies against both rotavirus and norovirus were
produced by vaccinating chickens with a divalent vaccine com-
posed of norovirus P particle (as carrier) and rotavirus VP8* protein
(as surface insertion) [112]. Since the immunogenicity of egg yolk
antibodies, and the associated risk of allergic reactions need to be
evaluated before its large-scale application in humans, development
of anti-norovirus monoclonal antibodies that are more similar to
human IgGs are being considered. Conventional monoclonal anti-
bodies with blockade properties against GII noroviruses have been
developed that have potential for humanization [113, 114]. Nano-
bodies are recombinant, single-domain, camelid heavy-chain anti-
body fragments that can bind with high affinities to a specific anti-
gen [115]. Recombinant monoclonal llama-derived nanobodies
(VHH) have been generated against GI and GII noroviruses, dis-
playing promising results in surrogate neutralizing assays [116]. In
a recent study, two nanobodies, Nano-25 and Nano-85, derived
from alpaca, were shown to bind to the lower region of the P do-
main of GII noroviruses [117]. Nano-25 was found to be specific
for GII.10, whilst Nano-85 was broadly reactive against several
different GII genotypes. Binding of Nano-85 also caused the intact
viral particles to disassemble in vitro. Nanobodies are nonimmuno-
genic when administered orally, and are resistant to protease, which
makes them an ideal therapeutic approach for enteric viruses [116].
They can also be engineered into any human immunoglobulin scaf-
fold [116].

2.1.9. Nanoparticles

Silver nanoparticles (AgNPs) have been used as antibacterial
agents in consumer products. In a study by Bekele ef al. (2016), the
anti-noroviral properties of silver nanoparticles were investigated
against Feline Caliciviruses (FCV), a surrogate for human norovi-
ruses [118]. 10 nm AgNP particles were shown to achieve signifi-
cant reduction of FCV titers, which also depended on the time and
dose. The authors proposed that the antiviral action of AgNPs might
be due to interactions with the VP1 of FCVs. In another study,
Gold/Copper Sulfide Core/Shell Nanoparticles (Au/CuS core/shell
NPs) were found to inactivate norovirus GI.1 VLPs [119]. Evidence
for capsid protein degradation and capsid damage were obtained by
immunoblotting, dynamic light scattering, and transmission elec-
tron microscopy results. The effects of copper iodide nanoparticles
(Cul NPs) on FCV has been studied in Crandell-Rees feline kidney
(CRFK) cells [120]. The antiviral effects of Cul Nps was attributed
to generation of Cu®" ions which subsequently caused viral capsid
protein oxidation.

2.1.10. Plants and Other Natural Biological Substances

The anti-noroviral activities of natural phytochemicals and bio-
logical substances have been exhaustively reviewed by Ryu et al.
(2015) [121]. In general, natural phytochemicals and biological
substances have been shown to exhibit milder antiviral activities
compared to conventional chemical antivirals [121]. However,
many of these natural products are safe to consume with minimal,
or no side effects, and are a part of the daily diet [121]. Natural
compounds with anti-norovirus activity include catechins, flavon-
oids, anthocyanidins, proanthocyanidins, polyphenols and polym-
eric tannins [121]. Black raspberries, cranberries, grape seeds,
green tea extracts, mulberries, persimmons and pomegranates con-
tain flavonoids that exhibit anti-norovirus activity. Grape seeds and
green tea are rich in catechins. Polymeric tannins can be found in
berries and persimmons. Black berries, cranberries, mulberries and
pomegranates contain large amounts of anthocyanidins and poly-
phenols. Red ginseng contains saponins, also known as ginse-
nosides, such as Rb1 and Rg1 that have been shown to reduce FCV
and murine norovirus titers [122]. Chitosan, a biopolymer derived
from chitin, a component of exoskeletons of crustaceans, has been
proposed to interact with the norovirus capsid, thereby inhibiting
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virus attachment and entry [123, 124]. Herbal essential oils, such as
oregano oil and its major volatile compound carvacrol have been
shown to cause expansion of the capsid of murine noroviruses,
resulting in degradation of the viral capsid [125]. Although norovi-
ruses are resistant to low pH, citric acid has been found to cause
virus inhibition [46, 121]. In the gut, citrate reacts with water to
form a structure similar to fucose, which may act as a competitive
inhibitor and prevent noroviruses from binding to HBGA receptors.

2.1.11. Probiotics

Probiotics are living microorganisms, which when consumed in
certain numbers, exert beneficial effects on health, beyond that
obtained from inherent basic nutrition [126]. A lactic acid bacteria,
Bifidobacterium adolescentis, was shown to inhibit murine norovi-
rus replication in RAW 264.7 cells within 48 h of co-incubation
[126]. Bifidobacterium adolescentis also reduced the binding of
human NoVGI.1VLPs to both Caco-2cells and HT-29cells, but did
not decrease in the binding of human NoV GIIL.4 VLPs to Caco-2
cells [126]. Pretreatment of FCV with Lactococcus lactis resulted in
reduction of viral titers in CRFK cells [127]. Another probiotic,
Lactobacillus paracasei, was engineered to secrete a 3D§ single-
chain variable fragment that prevented induction of apoptosis by
murine norovirus infection, and also reduced messenger RNA
(mRNA) expression of the viral VP1 protein [128].

2.1.12. Other Therapeutic Approaches

An interesting therapeutic approach to treat norovirus infection
has been the incorporation of HBGAs in hydrogels [129]. In the
gut, noroviruses will bind to these receptor molecules, get trapped
in the hydrogel which swells following imbibition of water, and
eventually excreted from the body. Bismuth Subsalicylate (BSS) is
an insoluble salt with antimicrobial properties [130]. Following
ingestion, BSS is hydrolyzed in stomach, and the bismuth form
insoluble salts including Bismuth Oxychloride (BiOCI) in the gut
[130]. BSS and BiOCL have been shown to reduce the infectivity
of murine noroviruses, possibly by preventing the attachment of
viruses to host cells, and also caused a slight decrease in viral RNA
levels [130].

2.2. Norovirus Immunoprophylaxis

Host immune response to norovirus infection has been compre-
hensively reviewed elsewhere [2, 131, 132]. Briefly, the three key
players of the adaptive immune system (B cells and antibodies, CD4+
T cells and CD8+ T cells) as well as innate immune responses, such
as INF's, appear to play roles in clearance of infection, reduced patho-
genicity, and decreased duration of shedding of viruses. However, a
recent study provided evidence that human noroviruses RNA replica-
tion may not induce an IFN response [107].

2.2.1. Limitations to Vaccine Development

Although the need for an effective and safe norovirus vaccine
has been felt for a long time, research aimed at development of
vaccines faced serious challenges. For long periods, human norovi-
ruses could not be propagated in cell-culture, and no small animal
models were available. It was only recently that cell culture systems
for studying human norovirus replication in B-cells and stem cell-
derived human enteroids, and an immunocompromised mice model
for human norovirus infection have been established [41, 133, 134].
Previous studies suggested that protective immunity against norovi-
ruses lasts for short periods of time [135], which questioned the
feasibility of developing norovirus vaccines, given the fact that
vaccine manufacturing and clinical trials are an expensive process.
However, a recent exhaustive epidemiological modeling study pro-
vided evidence for long-term immunity, lasting between 4 to 8
years [136]. Human noroviruses are highly genetically and anti-
genically diverse, with cross-reactivity of <5% between GI and GII
genotypes [2, 6, 137]. The plasticity of the norovirus genome has
raised concerns on the protection spectrum of human norovirus
vaccines against diverse strains [6].
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2.2.2. Current Vaccine Strategies

Since the establishment of a tissue-culture system for propagat-
ing noroviruses is a recent development, most studies on norovirus
vaccines rely on VLPs containing recombinantly expressed VP1
capsid proteins. VLPs are non-replicating particles that lack viral
RNA [6]. Because of the VP1 protein(s), VLPs possess strain- and
genogroup- specific antigenic determinants of the wild norovirus
strains, and have been shown to elicit both humoral and cell-
mediated immune responses in the host [10, 138]. VLPs can be
produced in large quantities using different expression systems,
such as baculovirus, potato, tomato, tobacco and yeast [139-142].
Viral vectors, such as adenovirus, paramyxovirus (Newcastle dis-
ease virus) and vesicular stomatitis virus have also been used to
express VLPs [143-145]. This approach seems to be more appeal-
ing than VLPs from traditional expression systems, as only a single
dose may be required and higher concentration of VLPs is achieved
in the host [132]. However, concerns related to biosafety and inter-
ference from prior immunity may hinder development of such vec-
tored vaccines [132]. Norovirus VLPs generated using either of the
systems possess both S and P domains of VP1, and exhibit the same
HBAG binding patterns as the wild virions [132]. Another new
strategy has been the expression of P particles containing only the P
domain of VP1 [146]. P particles induce similar levels of immune
response as VLPs, and can also be used to express other viral anti-
gens, such as rotavirus and hepatitis virus [146].

2.2.3. Human Clinical Trials

To date, only VLP-based norovirus vaccines have been sub-
jected to human clinical trials [131]. Having completed phase 1 and
2 human clinical trials, a bivalent Intramuscular (IM) norovirus
vaccine (Takeda Pharmaceutical) is the most advanced VLP-based
candidate so far [147-149]. This aluminium hydroxide adjuvant-
based vaccine formulation contains GI.1, and the current major
norovirus genotype, GII.4. The GI.1 VLP of the vaccine is based on
the prototype Norwalk virus strain, whist the GII.4 was based on a
consensus sequence from three GII.4 outbreak variants
(2006a_Yerseke, 2006b_Den Haag and 2002_Houston) [147]. After
oral challenge with a heterovariant GII.4 strain, the bivalent vaccine
offered protection against symptomatic illness, which was higher
against severe vomiting and diarrhea, but did not significantly re-
duce the incidence of protocol-defined illness [138, 147, 148]. Prior
to the bivalent vaccine, Takeda (LigoCyte) also had developed an
intranasal monovalent vaccine with a GI.1 component that is identi-
cal to GI of the bivalent vaccine [147, 150]. Following challenge,
the intranasal vaccine was shown to induce moderate levels of pro-
tection in human volunteers [151]. A limitation of these vaccine
clinical trials was that they did not recruit elderly adults and chil-
dren, age groups in which vaccine outcomes may be different.

2.2.4. Other Recent Approaches to Vaccine Development

A trivalent VLP-based vaccine (University of Tampere, Finland
and UMN Pharma, Japan) composed of a recombinant VP6 of rota-
virus and norovirus GI.3 and GII.4 VLPs has been studied in mice
[152]. Some of the other norovirus vaccine candidates that are cur-
rently under development include an intranasal dry powder VLP
vaccine, production of large amounts of P particles using E. coli
expression systems, combined norovirus P particle and rotavirus
VP8* antigen, combined VLPs of norovirus GIL.4 and enterovirus
71 (cause of Hand, foot and mouth disease), P particle-based triva-
lent vaccine against norovirus, astrovirus and hepatitis E virus, and
a chimeric norovirus P particle vaccine candidate expressing influ-
enza A virus subtype antigens [153-158].

3. ROTAVIRUS THERAPEUTICS AND IMMUNOPROPHY-
LAXIS

The ease and early adaptation of rotaviruses to different tissue
culture systems coupled with the availability of small animal mod-
els has greatly facilitated the development of human rotavirus vac-
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cines, with the first vaccine licensed for use in 1998 [159]. On the
other hand, there is no approved antiviral drug for treatment of
rotavirus disease so far. Although various aspects of rotavirus vac-
cines including their long term impacts on strain diversity have
been periodically reviewed, information on anti-rotaviral drugs, or
other strategies to rotavirus therapeutics are limited and scattered.
In the following section, we have attempted to compile and discuss
the various approaches to therapeutics against rotavirus infection
(Fig. 2, Table 3). Rotavirus vaccines have been reviewed in the
subsequent section, both from the perspective of current advances,
and historical significance. Alternate vaccine strategies have also
been discussed.

3.1. Rotavirus Therapeutics

Whilst giant strides have been made in the development and
implementation of rotavirus vaccines, there are no approved antivi-
ral drugs for treating rotavirus infections so far. Treatment is pri-
marily aimed at restoring fluid levels and electrolyte balance by
rehydration therapy [28, 36].

3.1.1. Targeting Virus Attachment and Entry into Host Cells

Rotavirus entry into host cells is a multistep process in which
the virus initially binds to sialic acid containing host cell-surface
glycoconjugates, followed by interactions in which integrins play a
crucial role [36, 160]. Considering the role of sialic acid in virus-
host cell attachment, some of the sialylmimetics were biologically
evaluated as anti-rotavirus agents in vitro [161]. None of the sia-
lylmimetics demonstrated any significant inhibition of the rhesus
rotavirus strain (strain RRV), whilst modest levels of inhibition
were observed against human RVA strain Wa. In another in vitro
study using MA-104 cell culture system, a novel sialylphosphol-
ipid, a sialic acid derivative, was found to inhibit simian (strain SA-
11) and human (strain MO) rotaviruses in a dose dependent manner
[162].

Integrin 02f1 is pivotal to adhesion of rotaviruses to host cell
surface [36, 160, 163]. In a recent study, donkey lactadherin-
derived peptides containing both DGE and RGD motifs were found
to bind to integrin 021, thereby inhibiting rotavirus attachment to
host cells [163]. Intestinal ganglioside receptors have been demon-
strated to play a major role in sialic acid-dependent recognition of
porcine host cells by rotaviruses [164]. Applying this knowledge,
neoglycolipid receptor mimetics (SPLE and LPE), mimicking the
activity of the natural ganglioside receptor, have been synthesized,
and shown to significantly reduce rotavirus binding and infectivity
in both in vivo and in vitro (piglets) studies [165].

Protein Disulfide Isomerase (PDI) is a family of oxido-reductase
that acts as a reductase on the surface of cell membranes [166]. A
recent review proposed that rotavirus entry into host cells was de-
pendent on the reductase activity of cell surface PDIs [167]. Cell
surface PDIs appeared to generate thiol groups in rotavirus VP5*
and/or VP6 proteins, which either primed the proteins to interact
with other cell surface receptors, or contributed to virus disassem-
bly [167]. The redox activity of PDI can be inhibited by membrane-
impermeant thiol/disulfide-blockers, such as DTNB [5,5-dithio-bis-
(2-nitrobenzoic acid)] and bacitracin [168]. It has been shown that
treatment of MA104 cells with DTNB and bacitracin resulted in
decreased rotavirus infectivity, whilst post-entry treatment of cells
with these inhibitors did not influence virus infectivity [168].

3.1.2. Targeting Host Cell Lipid Metabolic Pathways Crucial to
Virus Replication

Rotavirus replication is intricately linked to host cell lipid
metabolic pathways [169]. Increased levels of triglycerides have
been observed in host cells following rotavirus infection [169, 170].
Bile acids and Farnesoid X Receptor (FXR) agonists were shown to
downregulate this process of lipid metabolism, thereby suppressing
rotavirus replication in vivo and in vitro, and reduced viral shedding
in mice [170]. Defective rotavirus particles have been observed in
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Table3. Therapeutic approaches against rotavirus infection.
Antiviral Approach Molecule/Formulation
Blocking virus attachment and entry into host cells . Sialylmimetics.
. Lactadherin-derived peptides.
. Neoglycolipid receptor mimetics.
. Membrane-impermeant thiol/disulfide-blockers (DTNB and bacitracin).
Suppression of virus replication, and/or virus matu- . Bile acids and FXR agonists.
ration through inhibition of host cell lipid metabo- . TOFA.
iiig)pathways and/or homeostasis of lipid droplets . Triacsin C
. IBMX + isoproterenol.
. Stilbenoids.
. Lovastatin.

Cyclooxygenase inhibitors.

Inhibition of viroplasm formation

Thiazolides (Nitazoxanide).

Inhibition of viral RNA and/or protein synthesis .
L[]

Genistein.

foscarnet, PFA.

Ribavirin and other nucleoside analogs.
3-DG.

Neomycin and other aminoglycosides.
Actinomycin D.

Mycophenolic acid.

Isoprinosine.

Viscogens (glycerol).

siRNAs.

Passive immunotherapy .

Oral immunoglobulin derived from bovine colostrum, egg yolk, and pooled human
plasma.

Llama-derived heavy chain antibody fragment (VHHs ARP1 and ARP3).

Transgenic rice expressing rotavirus-specific llama heavy-chain antibody fragment
(MucoRice-ARP1).

Lactobacillus paracasei, yeast, and baculovirus-infected insect larvae expressing
VHHs.

Transgenic purple tomatoes expressing neutralizing antibodies.

Modulating immune system .

Probiotics.

Interferon therapy.
Cyclosporin.

Meglumine acridonacetate.
Norkurarinol.

Bacterial flagellin.

Others .

Plant extracts.
Bovine milk proteins (k-casein and collectins).
Racecadotril.

Gut microbiota.

3-DG, 3-deazaguanine; ARP, anti-rotavirus protein; DTNB, 5,5-dithio-bis-(2-nitrobenzoic acid); FXR, farnesoid X receptor; TOFA, 5-(tetradecyloxy)-2-furoic acid; IBMX, Isobu-
tylmethylxanthine; PFA, phosphonoformic acid; siRNA, small interfering RNA;VHH, camelid-derived heavy chain antibody fragment.

MA-104 cells following treatment with inhibitors of cholesterol
biosynthesis, such as lovastatin [171]. Stilbenoids, a group of phe-
nolic compounds obtained from grapes, peanuts and some berries,
have been shown to exert anti-rotavirus effects in host cells, possi-
bly through modulation of the cannabinoid receptors and subse-
quent interference with lipid metabolism [172].

A part of rotavirus replication occur in viroplasms, which are
intracytoplasmic inclusion bodies that appear temporarily in virus
infected host cells [169]. Viroplasms interact physically and func-
tionally with Lipid Droplets (LD) of host cellular organelles. There-

fore, compounds that interfere with cellular lipid metabolism and
homeostasis of LD, such as 5-(tetradecyloxy)-2-furoic acid
(TOFA), Triacsin C, and a combination of Isobutylmethylxanthine
(IBMX) and isoproterenol exert inhibitory effects on replication of
rotaviruses in cell culture systems [169, 173, 174]. Inhibition of
fatty acid synthesis is also believed to negatively influence the later
stages of rotavirus maturation in the endoplasmic reticulum [169].

Cyclooxygenases (COXs) are enzymes that are required for the
biosynthesis of prostaglandins (PGs) [175]. Elevated levels of pros-
taglandins PGE2 have been observed in the fecal of children in-
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fected with rotaviruses, pointing towards the involvement of COX
and PG in rotavirus pathogenesis [176]. PGE2 is most likely
thought to be involved in synthesis of rotaviral proteins and produc-
tion of virus progeny [176]. COX inhibitors have been shown to
block human rotavirus strain Wa infection as well as simian rotavi-
rus strain SA11 infection of Caco-2 cells [175]. Interestingly, the
reduction in the duration of rotavirus illness in children following
oral administration of aspirin might be attributed to the non-specific
inhibition of COX by the drug [175, 177].

3.1.3. Inhibition of Viroplasm Formation

Thiazolides, such as nitazoxanide and its active circulating me-
tabolite, tizoxanide, were shown to inhibit viroplasm formation and
interfere with morphogenesis of human (strain Wa) and simian
(strain SA11) rotaviruses in different cell-culture systems [178].
Thiazolides are believed to exert their antiviral action by hindering
the interaction between the RVA nonstructural proteins NSP5 and
NSP2. A double-blind placebo-controlled trial conducted in Egypt
revealed a significantly reduction in the duration of rotavirus dis-
ease in children (aged <12 years) following a 3-day course of nita-
zoxanide (drug Alinia) [179]. In another study, nitazoxanide and
probiotics were shown to decrease the duration of rotaviral diarrhea
in a randomized, single-blind, controlled trial [180].

3.1.4. Targeting Viral RNA and Protein Synthesis

In a recent in vitro study, an isoflavone, genistein, was shown to
repress rotaviral RNA transcripts, and possibly viral protein synthe-
sis. Genistein also upregulated the aquaporin water channel (AQP4)
mRNA and protein expression, which are downregulated in rotavi-
rus-infected cells [181]. Phosphonoformic acid (foscarnet, PFA), a
non-nucleoside pyrophosphate analogue inhibitor of viral polym-
erases, was demonstrated to inhibit both plus- and minus-strand
RNA synthesis in a dose dependent manner [182]. In another study,
a series of nucleoside analogs were demonstrated to inhibit synthe-
sis of either plus strand or minus strand rotavirus RNA [183]. Inter-
estingly, Neomycin and other aminoglycosides have also been
shown to exhibit inhibitory effects on rotavirus plus- and minus-
strand RNA synthesis [184]. Actinomycin D, an antineoplastic
antibiotic, has been proposed to complex with viral RNA and pre-
vent newly synthesized mRNA from undergoing translation [185].

One of earlier studies using antiviral drugs demonstrated that
RBV is inactive against murine rotaviral disease in mice, but inhib-
ited cytopathic effect induced by simian (SA11) rotavirus in vitro
[186]. The authors attributed the ineffectiveness of RBV in vivo to
the presence of guanosine inhibitors in the murine gut. In a subse-
quent study, the effects of RBV and three other antiviral agents (3-
deazaguanine [3-DG], 3-deazauridine, and 9-(S)-(2,3-dihydroxy-
propyl)adenine [(S)-DHPA]) were evaluated against simian RVA
strain SA-11 in tissue culture, and murine RVAs in mice inocula-
tion studies [187]. None of the agents were found to inhibit RdRp
activity of SA11, although evidence for inhibition of viral polypep-
tide synthesis was obtained for RBV and 3-DG. On the other hand,
weak to moderate [with (S)-DHPA)] antiviral effects were observed
in mice inoculated with murine RVAs.

Mycophenolic acid, an immunosuppressant drug, has been
shown to inhibit rotavirus infection in Caco-2 cells and organoids,
possibly via inhibiting the inosine-5-monophosphate dehydro-
genase (IMPDH) enzyme and depleting intracellular guanosine
nucleotides [188]. Isoprinosine have both immunomodulating and
antiviral properties [189]. The antiviral properties of isoprinosine
was studied on simian rotavirus strain SA-11 replication in MA-104
cells. Isoprinosine was shown to inhibit synthesis of rotaviral pro-
tein as well as double-stranded nucleic acid [189].

Viscosity appears to play a vital role in transcriptionally active
dsRNA viral particles [190]. Exploiting this approach, a recent
study showed that viscogens, such as glycerol, can inhibit rotavirus
transcription in DLPs in a dose dependent manner. The major target
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of inhibition appeared to be the elongation step of transcription
[190].

3.1.5. Passive Immunotherapy

Oral immunoglobulin therapy using immunoglobulins derived
from bovine colostrum, egg yolk of immunized hens, or human
pooled plasma has been shown to confer passive immunity against
rotavirus infection, and reduce duration of viral diarrhea, stool out-
put and/or virus excretion in trials involving children, but not neo-
nates [191-194]. On the other hand, in a small trial involving hospi-
talized low birthweight babies, no significant differences in rotavi-
rus infection rates were observed after oral gammaglobulin therapy
vs the placebo group [194]. Immunoglobulins sourced from bovine
colostrum were found to have the highest titer of neutralizing anti-
rotavirus antibodies, followed by egg yolk and human pooled
plasma [195]. Furthermore, a combination treatment of Hyper-
Immune Bovine Colostrum (HBC antibodies) and probiotics, such
as Lactobacillus rhamnosus strain GG, has been shown to provide
an effective therapeutic effect against rotavirus diarrhea [196].

Llama-derived heavy chain antibody fragments (VHHs), desig-
nated as ARP1 and ARP3 (ARP: anti-rotavirus protein), have been
derived from an adult llama immunized with rhesus monkey RVA
strain RRV (G3P[3]12) [197, 198]. In a recent placebo-controlled
trial, ARP1 was shown to significantly reduce stool output in severe
cases of infantile rotaviral diarrhea [199]. Although the mechanism
of action of ARP1 is not clear, it may involve binding to VP6 that
might result in conformational changes in the outer capsid proteins
VP4 and VP7, thereby preventing virus entry, and virus neutraliza-
tion by immune exclusion [197-199]. The advantages of passive
immunotherapy using transgenic rice expressing a water soluble,
heat resistant rotavirus-specific llama heavy-chain antibody frag-
ment (termed MucoRice-ARP1) are also being evaluated [200]. To
benefit from the synergistic effects of VHH and probiotics, probiot-
ics, such as Lactobacillus paracasei and yeast, expressing anti-
RVA VHHs (ARP-1 in secreted and anchored forms, or anchored
ARP1/ARP-3) have been constructed [198, 201, 202]. In another
recent study, two other VHHs, designated as 3B2 and 2KDI, that
are specific for the inner capsid protein VP6 of RVAs, were ex-
pressed in baculovirus-infected insect larvae [203]. Neutralizing
antibodies against rotavirus have also been produced in vegetables,
such as transgenic purple tomatoes [204].

3.1.6. Modulating the Inmune System

Both type I and type III IFNs have been shown to confer antivi-
ral protection of sucking mice against simian rotavirus strain RRV,
and also restrict extra-intestinal viral replication in other tissues
[205]. Meglumine acridonacetate, a synthetic INF inducer, was
shown to reduce clinical signs of rotavirus gastroenteritis in chil-
dren [206]. Probiotics, such as Lactobacillus ruminis SPM0211 and
Bifidobacterium longum SPM1205 and SPM1206 have been found
to inhibit replication of human RVA strain Wa in infected Caco-2
cells and also in infected neonatal mouse model [207]. The antiviral
effect of these probiotics was attributed to modulation of the im-
mune system through promotion of type I IFNs. In another recent
study, cyclosporin, an antiviral agent, was shown to reduce rotavi-
rus diarrhea and viral shedding in sucking mice, possibly through
increasing expression of IFN-f mRNA and down regulation of
mRNA expression levels of inflammatory cytokines [208].
Norkurarinol, a lavandulylated flavanone, isolated from the roots of
Sophora flavescens, was found to modulate rotavirus replication
and toll-like receptor 3 (TLR3)-mediated inflammatory pathways,
thereby inhibiting rotavirus-induced cytopathic effects [209].

3.1.7. Probiotics

The use of probiotics in combination with other therapeutic
agents have been discussed in previous sections. In a recent study,
Lactobacillus rhamnosus GG was shown to modulate the innate
signaling pathway and cytokine responses to rotavirus vaccine in
neonatal human gut microbiota transplanted pigs [210]. Soluble
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factors released by Lactobacillus casei DN-114 001 were found to
block rotavirus infection of cultured human mucus-secreting
HT29-MTX cells [211]. In rotavirus infected rodent models, pro-
biotics, such as Lactobacillus rhamnosus GG, Lactobacillus casei
DN-114 001 and Lactobacillus reuteri DSM17938 have been
shown to reduce the duration of diarrhea as well as severity of
intestinal lesions [212]. Randomized Controlled Trials (RCTs)
investigating the therapeutic effects of human probiotic Lactoba-
cillus strains on childhood rotavirus diarrhea have been summa-
rized in an excellent review by Liévin-Le Moal and Servin (2014)
[212]. Another study performed a meta-analysis study on efficacy
of probiotics in children with rotavirus diarrhea, concluding that
probiotics have a positive significant effect in reduction of rotavirus
diarrhea [213].

3.1.8. Plants and Herbs

The role of plant extracts as anti-rotaviral agents has been
evaluated by some researchers. In a Brazilian study, 4 species of
medicinal plants were found to exhibit in vitro activity against rota-
viruses [214]. In another in vifro study, fractions obtained from
Achyrocline bogotensis were shown to exert a virucidal effect on
rotaviruses and astroviruses, resulting in reduction of infectious
viral particles [215]. Nutritional extracts of plants, such as Nelumbo
nucifera Gaertn, Aspalathus linearis (Burm.f.) R. Dahlgren, Urtica
dioica L., Glycyrrhiza glabra L. and Olea europaea L. have also
been demonstrated to possess anti-rotaviral activity [216]. A com-
bination of Sophora Flavescens Extract (SFE) and Stevioside (SV)
from Stevia rebaudiana Bertoni has been shown to alleviate diar-
rhea, decrease viral shedding in feces, and reduce severity of intes-
tinal lesions in piglets [217]. Persimmon extracts, which are rich in
tannins, were found to exhibit antiviral activities against rotavi-
ruses, possibly by aggregating viral proteins [218]. Saponin extracts
from Quillaja saponaria Molina have been proposed to cause dis-
ruption of virus receptors on cell membranes, thereby inhibiting
attachment of rotavirus to host cells [219]. Pectic polysaccharides,
derived from Panax ginseng, have also been found to inhibit rotavi-
rus attachment to host cells [220]. Commercially available cran-
berry fruit juice drink has been demonstrated to inhibit rotavirus
replication in MA-104 cells [221]. Extracts from Glycyrrhiza
uralensis were found to alleviate rotaviral diarrhea and decrease
small intestinal lesions in piglets, possibly by exerting antiviral as
well as anti-inflammatory effects [222]. The anti-rotaviral activity
of 60 different flavones and flavonols have been studied against
human rotavirus strain Wa in vitro [223]. Krisanaklan, a herbal
extract used in Thailand, was found to exert antidiarrheal effects by
inhibiting the luminal cAMP-dependent chloride channel and
Ca(2+)-activated CI(-) channels in enterocytes of neonatal mice
infected with rotaviruses [224]. Another herbal remedy, the Qiwei
Baizhu powder, was demonstrated to alleviate rotavirus diarrhea
and improve small intestinal absorption in neonatal mice [225].

3.1.9. Other Therapeutic Approaches

The bovine milk protein, k-casein, was found to inhibit human
rotavirus infection by directly binding to viral particles via glycan
residues [226]. Purified bovine collections have been proposed to
neutralize rotaviruses by various mechanisms, such as hemaggluti-
nin inhibition, blocking virus-integrin interactions and virus aggre-
gation [227]. Racecadotril, an antisecretory drug, has been demon-
strated to reduce stool output in small scale drug vs placebo studies,
and is being explored as an adjunct to rehydration therapy in chil-
dren hospitalized with severe rotavirus diarrhea [228].

Some other recent approaches to rotavirus therapeutics include
(i) treatment with bacterial flagellin [229]. Flagellin has been
shown to exert anti-rotaviral effect through TLRS/NLRC4-
mediated production of IL-22 and IL-18; (ii) screening libraries for
siRNAs that may prevent rotavirus replication [230], (iii) using 3D
cultures of primary intestinal organoids to explore potential antivi-
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ral agents [231]; and (iv) assessing the inhibitory effects of gut
microbiota on virus infection [232].

3.2. Rotavirus Immunoprophylaxis

Since majority of human cases of rotaviral diarrhea are caused
by RVA strains, rotavirus vaccine candidates developed so far are
designed to confer immunity against RVAs. Live-attenuated human
RVA vaccines have been broadly classified into (i) vaccines based
on common or atypical human RVA strains, (ii) vaccines contain-
ing genetically engineered animal-human reassortant RVAs, and
(iii) vaccines based on bovine or simian RVAs (Table 4). In a re-
cent systemic review, vaccine efficacy against severe rotavirus
diarrhea was shown to be the highest (90.6%) in developed coun-
tries, followed by Eastern/Southeastern Asia (88.4%), Latin Amer-
ica and the Caribbean (79.6%), Southern Asia (50%) and sub Saha-
ran Africa (46.1%) [233]. Following accumulation of data from
additional clinical trials that addressed some of the concerns round
the performance of RVA vaccines in developing countries, the
World Health Organization (WHO) issued a recommendation for
worldwide use of RVA vaccines in 2009 [234]. The efficacies of
the currently licensed RVA vaccines against homotypic and hetero-
typic strains have been excellently reviewed by Leshem er al.
(2014) [235], and are summarized in Table 5.

3.2.1. Rotavirus Vaccines Based on Common Human RVA
Strains

Rotarix™ is an oral monovalent human G1 rotavirus vaccine
that contains a live-attenuated human G1P1A[8] rotavirus strain
(strain 89-12) [236]. The foundation of this vaccine is based on the
observation that G1 and P1A[8] are the most common human RVA
VP7- and VP4- genotypes/antigens worldwide [28]. Based on re-
sults of phase-III clinical trials involvin% over 77,000 infants in
Asia, Europe and the Americas, Rotarix M was found to exhibit
high efficacies (81%-96%, combined 2 year follow-up) against
severe rotavirus diarrhea, and posed a reduced risk of intussuscep-
tion, an issue that lead to the withdrawal of a previous RVA vaccine
[236]. Following a 2-dose schedule (oral doses at 6 and 10 weeks of
age), efficacy rates of 83%-85%, 81%-82%, and 75%-78%, respec-
tively, have been observed with Rotarix™ against hospitalizations
with diarrhea, wild-type G1 strains, and non-G1 serotypes/strains
[237]. However, when compared to the high efficacies observed in
developed countries, Rotarix ™ was found to exhibit lower vaccine
efficiency against severe RVA diarrhea in developing countries
[234]. To date, Rotarix has been licensed in more than 100 coun-
tries worldwide, and is a part of national immunization programs in
many of these countries [28]. The presentation of the vaccine has
also undergone modifications, with the development of a liquid
formulation in addition to the original lyophilized version [236].

Another oral live-attenuated GI1P[8] RVA vaccine candidate,
known as Rotavin-M1™, has been tested in Vietnamese children
[238]. Rotavin-M1™ was shown to exhibit safehth/ and immuno-
genicity profiles that were comparable to Rotarix™. The vaccine is
currently undergoing a multi-center trial.

3.2.2. Rotavirus Vaccines Based on Atypical Human RV A Strains

A GI9P8[11] RVA strain, 116E, isolated from an outbreak of
asymptomatic rotavirus infection in India, has been develoged into
a live-attenuated vaccine candidate, known as ROTAVAC” [239].
Strain 116E was shown to be a human-bovine reassortant strain,
possessing a bovine RVA-like VP4 on a human RVA genetic back-
bone [240]. The vaccine completed phase-III trials, and was found
to exhibit 55.1% efficacy against severe rotavirus diarrhea in chil-
dren aged up to 2 years [241].

Another human-bovine G10P[11] reassortant RVA strain, 1321,
detected in a nosocomial outbreak of rotavirus infection at a mater-

nity center in Southern India, was also considered as a vaccine can-
didate [239]. Strain 1321 possessed human RVA-like NSP1- and
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Table4. Live-attenuated whole virus vaccines against rotavirus-A (RVA).
Approach Vaccine Make Currently in Use
Monovalent, common Rotarix ™ Live attenuated G1P1A[8] Worldwide
human RVA strain ] ™ .
Rotavin-M1 Live attenuated G1P1A[8] No*
Monovalent, atypical ROTAVAC™ Live-attenuated human-bovine reassortant G9P8[11] strain India
human RVA strain ] ] ] b
1321 Live-attenuated human-bovine reassortant G10P[11] strain No
RV3-BB Live-attenuated human G3P2A[6] strain No*
Multivalent, animal- RotaTeq™ Pentavalent, contains 5 reassortant RVA strains possessing G1, Worldwide
human reassortant G2, G3, G4, or P[8] on bovine RVA genetic backbone.
Strains M ] . K .
RotaShield Tetravalent, contains 3 reassortant strains possessing G1, G2, or No
G4 on simian RVA (rhesus G3P7[5] strain RRV) genetic back-
bone, and strain RRV.
Human-bovine reassortant vaccine Tetravalent, G1, G2, G3, or G4 genotypes on bovine RVA (UK) No*
(NIAID, NIH, USA) genetic backbone
Human-bovine reassortant vaccine Pentavalent, G1, G2, G3, G4, or G9 genotypes on bovine RVA No*
(Serum Institute, India-NIAID, NIH, (UK) genetic backbone
USA)
Monovalent, animal RIT 4237 Bovine RVA G6P6[1] strain RIT 4237 No"®
RVA strain . . . b
wC3 Bovine RVA G6P7[5] strain Wistar Calf 3 No
MMU 1006 Simian (rhesus) RVA G3P5B[3] strain MMU 1006 No"
LLR Lamb RVA G10P[12] strain LLR China

* Undergoing/completed clinical studies/trials.
" Low efficacy/inconsistent results/not pursued further.
¢ Withdrawn due to risk of intussusception.

TableS. Features of the currently licensed RVA vaccines Rotarix™ and RotaTeqTM.
Rotarix™ RotaTeq™
Manufacturer GlaxoSmithKline Merck

Dosage schedule®

Middle- & upper-income countries: 2 and 4 months of age.

Low-income countries: 6 and 10 weeks of age.

Middle- & upper-income countries: 2, 4 and 6 months of age.

Low-income countries: 6, 10 and 14 weeks of age.

94% against homotypic strains.
71% against partly heterotypic strains.

87% against fully heterotypic strains.

Middle-income countries:
59% against homotypic strains.
72% against partly heterotypic strains.

47% against fully heterotypic strains.

Route of administration Oral Oral
Formulation Lypholized-reconstituted, and Liquid ® Liquid
Pooled efficacy * High-income countries: High-income countries:

83% against homotypic strains.
82% against single-antigen vaccine type strains.
82% against partly heterotypic strains.

75% against single-antigen non-vaccine type strains.

Middle-income countries:
70% against single-antigen vaccine type strains.
37% against partly heterotypic strains.

87% against single-antigen non-vaccine type strains.

* Based on reference [32]
" Based on reference [236]
¢ Based on reference [235]
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NSP3- encoding genes on a bovine RVA genetic backbone [242].
The vaccine was eventually withdrawn because of poor immuno-
genicity [243]. Moreover, later studies detected 1321-like human
G10P[11] strains in symptomatic infections from the same geo-
graphical region where the vaccine strain was detected [244].

RV3 is a G3P2A[6] strain that was isolated from asymptomatic
infants in Australia [245]. By whole genome sequencing, RV3 was
found to be a human Wa-like RVA strain with atypical VP7-VP4
genotypic combination [240]. Follow-up studies had shown that
RV-infected infants did not suffer from severe RVA diarrhea later
in childhood when compared to uninfected children, leading to the
consideration of this strain as a potential vaccine candidate [246].
Results obtained from 3-dose clinical trials found the naturally at-
tenuated RV3 vaccine to be safe and well tolerated [247, 248].
However, only partial protection (vaccine efficacy of 54%) against
rotavirus disease was obtained [248]. Subsequently, a high titer
RV3 vaccine, known as RV3-BB [Bishop-Barnes] vaccine was
developed [249]. In a recent double-blind, three-arm, placebo-
controlled safety and immunogenicity trial based on 3 doses of
vaccine in a neonatal or infant schedule, RV3-BB was shown to be
immunogenic and well tolerated [250].

3.2.3. Multivalent Vaccines Containing Genetically Engineered
Animal-Human Reassortant Rotavirus Strains

RotaTeq™ 1is a genetically engineered pentavalent vaccine
comprising five bovine-human reassortant RVA strains [251]. Each
of these reassortant vaccine strains expresses one of the major hu-
man VP7 (G1-G4), or VP4 (P1A[8]) antigens on a bovine RVA
(strain WC3) genetic backbone. In addition, the vaccine also con-
tains bovine VP7-G6 and VP4-P7[5] antigens. RotaTeqTM confers
both homotypic and heterotypic immunity [252]. In the REST (Ro-
tavirus Efficacy and Safety Trial) stud]y involving several countries
and a large study population, RotaTeq ™ exhibited vaccine efficacy
of 98% against severe G1-G4 rotavirus gastroenteritis, whilst effi-
cacy of 74% was observed against G1-G4 rotavirus gastroenteritis
of any severity [253]. These efficacy results were corroborated by
subsequent clinical trials conducted in European countries and Ja-
pan [254, 255]. On the other hand, low vaccine efficacies (39.3%
and 48.3%, respectively) have been observed against severe rotavi-
rus gastroenteritis in some developing countries in Sub-Saharan
Africa (Ghana, Kenya, and Mali) and Asia (Bangladesh and Viet-
nam) [256, 257]. RotaTeq™ has been approved for use in more
than 100 countries [28]. Although post-licensure studies revealed
approximately 1.5 cases of intussusceptions per 100,000 recipients
of the 1*" dose of the vaccine, there was no evidence for increased
risk levels of intussusception in the vaccine group when compared
to the placebo group [258, 259]. Rare cases of Kawasaki disease
has also been reported in infants who received the 1% dose of vac-
cine [260]. However, no association was found between RotaTeqTM
and increased risk of intussusception, or Kawasaki disease [261].

RotaShield™, a tetravalent live attenuated vaccine, was the first
oral human rotavirus vaccine to be approved for use in infants in
the US [159]. RotaShield™ contains three human-rhesus reassor-
tant strains encoding a G1, G2, or G4 VP7, and a rhesus rotavirus
strain (strain RRV) with human serotype G3 [262]. RotaShield™
exhibited a vaccine efficacy of 91% against severe rotavirus disease
[263]. During clinical trials with RotaShield™, 5 intussusception
events were observed among 10,054 vaccinated infants, resulting in
the Food and Drug Administration of USA licensing the vaccine in
1998 with a mention of intussusception as a possible adverse effect
in the package [159, 264]. However, 9 months after its introduction,
data accumulated by the Vaccine Adverse Event Reporting System
(VAERS) revealed a higher-than-expected number of intussuscep-
tion events among vaccinated infants, resulting in withdrawal of
RotaShield™ from the market [265].

A tetravalent-human bovine reassortant rotavirus vaccine con-
taining RVAs possessing human G1, G2, G3, or G4 genotypes on

Ghosh et al.

the genetic backbone of bovine RVA strain UK has been developed
by the National Institute of Allergy and Infectious Diseases (NI-
AID) [266]. In a study conducted in USA, the vaccine exhibited
satisfactory levels of safety and immunogenicity [266]. A new 5-
valent human-bovine (UK) reassortant vaccine that contains G9 in
addition to G1-G4 was shown to be safe and immunogenic in a
small sample of adult volunteers [267]. Another pentavalent bovine
(UK)-human reassortant vaccine candidate containing the major
human G1-G4 and G9 antigens has been developed by the Serum
Institute, India in collaboration with NIAID [268]. The Indian vac-
cine was found to be safe and immunogenic in phase I and II stud-
ies.

3.2.4. Vaccines Based on Animal RV A Strains

The idea of using of animal RVA strains as vaccines stemmed
from the ‘Jennerian’ concept, whereby viruses from a heterologous
host can induce immunity, but not disease [262]. Bovine strains
RIT 4237 and Wistar Calf 3 (WC3), and reassortant rhesus rotavi-
rus vaccine strain MMU18006 have been studied as human rotavi-
rus vaccine candidates, with inconsistent and disappointing results
[269-271]. In China, a lamb rotavirus strain derived vaccine, known
as the Lanzhou lamb rotavirus (LLR) vaccine, has been approved
for use in children [272]. The efficacies of one dose of the LLR
vaccine against rotavirus infection ranged from 44.3%-51.8% in
children aged between 9-35 months [272]. A more recent study
reported an overall protection of 35% against all forms of RVA
diarrhea, with 52% protection against moderate diarrhea caused by
G3 strains [273]. Although the efficacy of the LLR vaccine remains
to be properly evaluated using a randomized, placebo-controlled
phase-III trial and this vaccine is not included in the national im-
munization program of China, around 30,000,000 doses of the LLR
vaccine has been administered between 2000 and 2012 [274].

3.2.5. Alternative Vaccine Strategies
3.2.5.1. Subunit and VLP Vaccines

Rotavirus-like Particles (RLPs) are synthetic mimics of the
virus that are composed of rotavirus inner capsid proteins [275].
RLPs containing VP2 and VP6 with or without VP4 and VP7, or
those presenting an 18 kDa VP8* antigen have been shown to be
immunogenic in mice, rabbits and/or gnotobiotic pigs [275, 276].
Although RLPs are considered as a safe alternative to oral live-
attenuated rotavirus vaccines, they may not achieve the same levels
of vaccine efficacy as live vaccines [275, 277]. Moreover, their
production costs may be high, as other molecules may be required
to complement the central immunogenic protein [275].

Other approaches to developing subunit vaccines are also being
explored. Some of these advances include (i) an intramuscular P2-
VP8 subunit vaccine containing a truncated human RVA VP8*
subunit protein fused to the tetanus toxin P2 epitope that was shown
to elicit promising immune responses in healthy adults [278], (ii) a
subunit vaccine composed of truncated VP8* protein (VP8-1,
amino acids 26-231) fused to the nontoxic B subunit of cholera
toxin with higher immunogenicity and protective efficacy in murine
models [279], and (iii) two subunit vaccine candidates containing
antigens of astrovirus, hepatitis E virus, and rotavirus that were
demonstrated to evoke significantly higher antibody responses in
mouse inoculation experiments [280].

3.2.5.2. Inactivated Vaccines

Oral live-attenuated RVA vaccines have been shown to exhibit
low immunogenicity in developing countries [234]. Moreover, they
have been associated with adverse events, such as intussusception
[265]. To overcome these drawbacks, as well as develop a vaccine
that would be less costly to manufacture, easy to administer (par-
enteral vs oral route), and can be used in combination with other
vaccine candidates, the potential of Inactivated Rotavirus Vaccines
(IRV) are being evaluated [281]. Preclinical testing of different
intramuscular IRV candidates in mice, guinea pigs, rabbits and
piglets revealed varying levels of protection, ranging from none,
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partial, nearly complete to complete, with evidence for both homo-
typic and heterotypic immunity [281-283].

3.2.5.3. Encapsulated Rotavirus Particles

Encapsulation of viral particles in biodegradable non-toxic
polymers, such as polylactide (PLA) or poly (lactic-co-glycolic
acid) (PLGA) allow controlled delivery of viral antigens to desired
locations at predetermined rates [275, 284]. The variable hydropho-
bicity of these polymers facilitate better interactions with antigen-
presenting cells, with improved adjuvant properties for the encapsu-
lated antigens [275]. PLA-encapsulated RVA particles have been
shown to evoke significant antibody responses that persisted for
longer time periods than free-rotavirus particles [285].

3.2.5.4. Edible Plant Vaccines

Plants are considered as attractive means for production of re-
combinant antigens, as it is less costly, and does not carry the risk
of contamination by animal pathogens [286]. In a recent study,
human IgAl against rotavirus VP8* antigen was expressed in
glyco-engineered A XT/FT Nicotiana benthamiana plants [287].
Another study reported development of VLP vaccines based on
expression of rotavirus proteins of a human G1P[8] RVA strain in
Nicotiana benthamiana [288]. High titers of serum IgG and mu-
cosal IgA have been reported in mice following oral inoculation
with transgenic potatoes expressing the rotavirus VP7 protein [289].
Transgenic potatoes expressing rotavirus VP7 fused with the ricin
toxin B subunit, or cholera toxin B subunit have also been geneti-
cally engineered [290, 291]. Detectable levels of antibodies were
found in mice following intraperitoneal inoculation with extracts of
transgenic tomatoes expressing rotavirus VP2 and VP6 free pro-
teins, and VLPs [292].

Some other lesser explored approaches to development of rota-
virus vaccines include cold-adapted mutants [293], DNA-based
vaccines [294], and vaccines based on isolated rotavirus proteins,
such as VP4, VP6, VP7 and NSP4 [295]. Computational studies
aimed at identifying surface accessible VP7 sequences that are con-
served across diverse rotavirus strains and can serve as potential
targets for peptide vaccines or antivirals are also being performed
[296, 297].
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