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Abstract: Since their first recognition in human cases about four decades ago, rotaviruses have
remained the leading cause of acute severe dehydrating diarrhea among infants and young children
worldwide. The WHO prequalification of oral rotavirus vaccines (ORV) a decade ago and its intro-
duction in many countries have yielded a significant decline in the global burden of the disease,
although not without challenges to achieving global effectiveness. Poised by the unending malady
of rotavirus diarrhea and the attributable death cases in developing countries, we provide detailed
insights into rotavirus biology, exposure pathways, cellular receptors and pathogenesis, host immune
response, epidemiology, and vaccination. Additionally, recent developments on the various host,
viral and environmental associated factors impacting ORV performance in low-and middle-income
countries (LMIC) are reviewed and their significance assessed. In addition, we review the advances in
nonvaccine strategies (probiotics, candidate anti-rotaviral drugs, breastfeeding) to disease prevention
and management.
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1. Introduction

Globally, approximately 258 million cases of infectious diarrhea in under five years
children are attributable to rotavirus (RV) infection [1]. Between 2013 and 2017, an esti-
mated 122,000–215,000 diarrheic child deaths were caused by RV annually [1–3]. Among all
causes of death in under five-year children, RV has been rated the third leading pathogen
associated with childhood mortality [3]. Children in low- and medium-income coun-
tries (LMIC) compared to high-income countries (HIC) particularly bear the brunt of the
diarrheal deaths [1]. A global health-related statistic in 2016 shows that approximately
100 per 100,000 children die before their fifth birthday in all 10 developing countries (India,
Pakistan, Kenya, Democratic Republic of Congo, Niger, Angola, Ethiopia, Afghanistan,
Nigeria, and Chad) bearing the highest RV diarrheic burden [2]. Four oral, live vaccines
have since been prequalified by WHO and licensed internationally [4]. Despite the suc-
cessful implementation of the vaccines in over 106 countries, RV is still responsible for the
highest number of annual childhood deaths attributable to diarrhea globally [5].

Several factors associated with the human host (e.g., malnutrition, histo-blood group
antigens, ORV co-administration with polio vaccine and maternal factors), agents
(e.g., genetic diversity, the force of infection and co-infection), and environment (enteropa-
thy or dysbiosis of gut microbiome) have been suggested as possible etiologies driving the
differences in vaccine-elicited protective immunity between the two socioeconomic set-
tings [6,7]. With the emerging insights into structure–function relationships of RV proteins
versus interactions with the host, this article provides information on past and present
knowledge on the viral biology, pathogenic mechanisms, innate and adaptive immune
response of the host, diagnosis, epidemiology and genetic diversity, and disease control
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through vaccination. Additionally, we critically appraise the progress in understanding the
epidemiological triad of vaccine underperformance in developing countries.

2. Etymology and Biology of Rotavirus

Rotavirus (RV) was first discovered in the 1950s in rectal swabs of monkeys and later
in the 1960s in intestinal biopsy of mice by electron microscopy [8]. In 1973, Ruth Bishop
and colleagues first described the virus in children presenting with gastroenteritis [9]. A
year later, rotavirus was detected in large quantities in fecal samples from hospitalized
children with acute nonbacterial gastroenteritis by direct thin-layer electron microscopy
and by immune electron microscopy [10]. The viral particle from children was initially
referred to by several names, including reovirus-like, orbivirus-like, duovirus, infantile
gastroenteritis virus, or a ‘new’ virus. In 1974, Thomas Henry Flewett suggested the name
rotavirus because of its characteristic wheel-like appearance when observed under the
electron microscope [11]. Four years later, the name rotavirus was officially accepted by the
International Committee on Taxonomy of Viruses. The detection of rotaviruses in several
other species of animals led to them being recognized as pathogens affecting humans and
animals worldwide [11]. Within just 5 years of discovery, rotavirus became recognized
as one major etiology of diarrhea in infants and young children globally, accounting for
approximately one-third of cases of severe diarrhea requiring hospitalization [12]. Up to
the present, rotavirus has remained the leading cause of acute infectious gastroenteritis in
infants and young children with a high rate of hospitalization and death globally [13,14].

Rotavirus is a member of the Reoviridae family and three types of particles (double-
shelled, single-shelled, and core) arranged in concentric rings, formed a triple-layered
particle (TLP) around the genome, which becomes the infectious form of the virus [15].
The double-shelled, single-shelled, and core particles are 76.5 nm, 70.5 nm, and 50 nm
in diameters, respectively (Figure 1). The genome of rotavirus consists of 11 segments of
double helix molecules of RNA, which code for six structural viral proteins (VP1, VP2,
VP3, VP4, VP6, and VP7) and six non-structural proteins (NSP1, NSP2, NSP3, NSP4, NSP5,
and NSP6) [16,17]. The major antigenic properties of the rotaviruses group, subgroup, and
serotype are determined by the viral capsid proteins (VPs) [18]. The NSPs are produced
during infection to facilitate viral replication and pathogenesis [19]. The specific roles of
the VPs and NSPs are indicated in Table 1.

The VP7 and VP4 of rotavirus are employed in binary classification systems to delin-
eate rotavirus into G (glycoprotein) and P (protease-sensitive) genotypes, respectively [20].
To date, 36 G-types and 51 P-types have been described in different surveillance studies
in both humans and animals across the globe [21] (Table 1). More recently, the binary
strain typing system was replaced by a whole genome or 11-gene typing system to as-
cribe genotypes to each gene: Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, which codes for the
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6, respectively [22]. Three
genotype constellations have been described for human rotavirus genomes, namely; Wa-like
(genogroup 1; G1/3/4/9/12-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1), DS-1-like (genogroup 2;
G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2), and AU-1-like (genogroup3; G3-P[9]-I3-R3-C3-M3-
A3-N3-T3-E3-H3) [23]. Unlike the more common Wa-like and DS-like, the AU-1-like are
reported infrequently in humans [23].
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Figure 1. Schematic representation of the rotavirus virion [24].

Table 1. The number of genotypes ascribed to each gene segment (updated) and the biological
functions of their encoded proteins [25,26].

Genome
Segment

Size
(bp)

Number of
Genotype

Genotype
Denotation

Protein
Product

Type of
Protein/Location in

Virion
Function

1 3302 22 R VP1 Structural, inner capsid -RdRp
-ss-RNA binding

2 2687 20 C VP2 Structural, core -Houses RNA genome

3 2592 20 M VP3 Structrural, inner
capsid

-guanyltransferase
-methyltransferase
-ss RNA binding

4 2362 51 P VP4 Structural, outer capsid
-receptor binding protein

-infectivity enhancement through
trysin cleavage

5 1356 26 I VP6 Structural, middle
capsid

-Serological grouping and
subgrouping antigen

6 1062 36 G VP7 Structural, outer capsid -Neutralization antigen
-Bases of binary classification

7 1581 31 A NSP1 Non-structural -host interferon antagonist
-anti-apoptosis

8 1059 22 N NSP2 Non-structural

-helicase
-NTPase
-NDPK

-RBP

9 1074 22 T NSP3 Non-structural
-competition with host PABP for

elf-4G1 binding
-Translation enhancer

10 751 27 E NSP4 Non-structural -enterotoxin
-Transmembrane gp

11
666 22 H NSP5 Non-structural -phosphoprotein

NSP6 Non-structural -ssRNA and dsRNA binding

Note: RdRp = RNA dependent RNA polymerase; PABP = poly (A) binding protein; RBP = RNA binding protein;
NDPK = Nucleoside diphosphate kinases.

3. Exposure Pathways in Developing Countries

The transmission of RV follows the fecal–oral route [27] (Figure 2). The fecal–human
spread is mainly facilitated by environmental reservoirs such as fluids, food, fingers,
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and fomites through interactions of humans or animals with their environments [28]. In
addition, flies as a natural process can also spread RV shed in feces. Spreads of the virus
are quite easy among children and from infected children; transmission to close contacts
is possible. In affected persons, acute illness is usually characterized by the early stage
of the disease, which subsequently results in milder illness with no visible symptoms in
some individuals. In adults, asymptomatic infections can lead to viral transmission to close
contacts [29]. The frequent exposure of susceptible children in the day-care centers and
family day-care homes usually facilitates RV transmission [30]. The findings of rotavirus on
diaper disposal containers, toys, faucets, diaper changing areas, handwashing areas, and
even in food preparation areas are suggestive of its high potential of spread throughout
most homes or day-care centers [31,32]. Children are often seen putting toys into their
mouths while playing or scratching their gums with them when they are near to start
teething. Such objects when contaminated can efficiently transmit RV in the process [33].
A nosocomial RV outbreak associated with sharing of toys among children in a pediatric
oncology unit hospital has been reported [34]. Asymptomatic children tend to have lower
viral shedding with a likelihood of intermittent shedding than children already presenting
with diarrhea [32]. Both asymptomatic and symptomatic health care workers have been
linked to the spread of the virus in some outbreaks. Rotavirus is a ubiquitous and vastly
stable organism that may persist in the environment for weeks or months without losing
infectivity if not disinfected [35]. The doggedness of RV infectivity on porous (paper and
cotton cloth) and nonporous surfaces (aluminum, latex) have been documented [36]. Viral
transmission and ubiquity are potentiated by the low infectious dose (<100 viral particles),
high concentration of virus in the stool (1012 particles per gram), and protracted shedding
of virus [13].

Fecal contamination of food leading to foodborne illnesses has been tagged as an
efficient system for transmission of RV [28]. Food contamination usually occurs when
polluted water or inefficiently treated sewage sludge and effluents are used for irrigation
of crops, or food handlers fail to ensure proper hand hygiene [28,37]. Quiroz-Santiago
et al. [38] detected RVA in oysters and also reported its occurrence in 21.2% (7/33) of
vegetable samples comprising celery, coriander, spinach, romaine lettuce, papaloquelite,
and parsley, which were brought to a Mexican market. Similarly, RVA was detected
in partially treated water (11.8%), irrigation water (14%), and the corresponding raw
vegetable samples (1.7%) in Southern Africa [39]. Genotyping studies further revealed
clinically relevant VP 7 (G) strains (G1, G2, G8, and G9) and VP4 (P) types (P[4], P[6],
P[8], and P[9]). There have been several reports of foodborne rotavirus gastroenteritis
outbreaks in association with contaminated food. For instance, a national health report
in Japan attributed the RV outbreak that occurred among the adult population to eating
at a restaurant [40]. Food vehicles that have been implicated in RV outbreaks included
crustaceans [41,42], tuna and chicken sandwiches [43], cabbage [44], salads [45], and a
potato stew [46].

The vehicular role of human fingers in the spread of rotaviral infections has been
demonstrated in the literature. Infectious RV particles placed on human fingers were
shown to persist for more than 60 min without inactivation and could contaminate envi-
ronmental surfaces following contact [47,48]. This observation shows that human fingers
when contaminated pose both direct and indirect diarrheal disease risks. The direct risks
usually involve hand-to-mouth contacts. Previous studies have shown that children and
adults touch their mouths approximately 3–28 and 8 times, respectively, every hour [49].
The higher the frequency of contacts, the greater the risk of exposure [28]. One significant
predictor of rotavirus dissemination and positivity in vulnerable contacts is the failure
to wash a child’s hands after every visit to the toilet or before a meal [50]. The indirect
risks on the other hand involve the transfer of infectious viruses from contaminated hands
to fomites, drinking water, and food during contacts. Notably, this exposure pattern is
exemplified by the role infected food handlers play in RV transmission. For instance,
an outbreak of Group A rotavirus (RVA) gastroenteritis that occurred among University
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students in Washington, District of Columbia, was connected with eating deli sandwiches
that were contaminated by an infected food handler [43]. Additionally, food handlers
were associated with two confirmed isolated rotavirus gastroenteritis outbreaks involving
28 school children in Colorado in 2009 and 30 children and adults at a banquet facil-
ity in New York in 2005, which were reported to CDC by Foodborne Disease Outbreak
Surveillance System [51].

Flies are naturally attracted to both feces and food, making them important reservoirs
for RV and other enteric pathogen transmissions [28]. Rotaviruses in feces are naturally
picked up either through direct contact with the fly exoskeleton or consumption of the feces.
Contamination of surfaces such as food, fomites, or skin may occur mechanically following
the transfer of RV from the exoskeleton or through regurgitation and fecal deposits [52].
The high number of flies often seen in areas of human activities such as restaurants, food
markets, fish markets, slaughterhouses, and hospitals have been correlated with significant
risks of viral transmission and infection when eventually transferred to the mouth and
ingested [53]. A previous investigation of foodborne gastroenteritis outbreaks in India
detected rotaviruses in 6.7% of fly samples trapped from household kitchens, suggesting
the potential for mechanical transmission [54].

Rotaviruses of animal origin can infect humans either by direct transmission of the
virus or through the contribution of one or more of the genomic RNA segments to form
reassortants with mosaic gene constellations of human and animal RVA origin genes [55].
Currently, some of the unusual RV genotypes that have been identified in humans were
shown to be a result of animal–human transmission [56]. Rotavirus remains an important
cause of diarrhea in wild animals (llamas, giraffes), farm animals (pigs, sheep, and cows),
rodents, birds, and domestic pets (cats and dogs) worldwide, and the availability of animal
hosts represents a potential reservoir for genetic exchange with human rotavirus strains [57].

Rotavirus transmission through sewage or sewage polluted river water is on the
increase in developing countries due to high population growth and poor sanitary condi-
tions [58]. RV occurrence in finally treated drinking water is also a challenge [39]. The ability
to persist for days in water environments and be infectious facilitates waterborne spread,
which has resulted in several gastroenteritis outbreaks with a wide range of symptoms [27].
Drinking water has been regarded as the most efficient exposure pathway for RV infection
and as a shared resource, contamination by one member of the household can amplify the
risks of transmission to all susceptible contacts in a home [28]. Each day, the average child
and adult consume approximately 0.2–0.5 and 0.8–1.2 L of water, respectively [49]. Even
when the source water is considered safe, the same might not apply to stored water because
of the ubiquitous nature of RV. Contamination of water storage containers, hands, drinking
cups, and other utensils is common in most homes, and their contact with stored water has
been implicated in the degradation of water quality in the home [59].

The airborne spread of rotavirus infection has also been hypothesized because of
the short incubation period (1–3 days), rapid seasonal transmission through populations,
and the massive nature of outbreaks [60]. However, this has not yet been established in
humans. Aerosol transmission of RV had been suggested in connection with simultaneous
outbreaks that occurred in isolated communities on Native American reservations and in
Aboriginal infants in Central Australia [61,62]. The detection of RV in respiratory secretions
and cases of pneumonia among a small number of patients has been documented [63,64].
Additionally, respiratory symptoms and otitis media have been described in approximately
50% of patients with rotavirus infection [65,66]. While attempting to confirm the potentiality
of aero-transmission, Wilde et al. [31] employed the highly sensitive RT-PCR to confirm
the presence of RV RNA in air samples from the rooms of hospitalized children with acute
rotavirus infections. More recently, Ginn et al. [67] detected genes specific to rotavirus in
aerosol samples from near open wastewater with poor sanitation facilities. While these are
informative, further investigations into the viability of the aerosolized virus are needed to
further confirm airborne transmission.
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4. Pathogenesis of Rotavirus Infection
4.1. Viral Entry and Site of Primary Replication

The triple-layered capsid structure of RV confers relative stability on the virion and
facilitates fecal–oral transmission as well as efficient delivery into the small intestine without
inactivation [70,71]. Rotaviruses target and infect mature, non-dividing absorptive villous
epithelium of the upper two-thirds of the small intestine [72]. The enteroendocrine cells
have also been shown to be susceptible to infection [19]. The initial viral–host interaction is
facilitated by the binding of outer capsid protein VP4 (through its VP8* domain) and host
cell receptors, which include the sialoglycans (such as gangliosides GM1 and GD1a) and
histo-blood group antigens (HBGAs) [19,73,74]. The interaction via polymorphic HBGA
in red blood cells, mucosal secretions, and epithelia is biased by a particular rotavirus P
genotype [75,76]. The HBGA are complex glycans that are catalyzed by glycosyltransferases
through series of monosaccharides addition to an initial precursor. The enzyme expression
is controlled by the AB0, FUT2 (secretor), and FUT3 (lewis) genes, and both in vivo and
in vitro studies have demonstrated their presence as a marker of host susceptibility to
several infectious diseases including group A RV [77]. The genetic differentials in HBGA
expression have been likened to variations in rotavirus epidemiology among human
populations [19] and infection with different RV genotypes [78,79]. For example, genotype
P[8] and P[4] preferentially bind to the Lewis b and H type-1 (H1) antigens [80], genotypes
P[9], P[14], and P[25] bind to type A antigens [81], while P[11] selectively binds to the type-2
precursor glycan [82]. Findings from a meta-analysis indicated a strong association between
HBGA expression and susceptibility to natural infection by P[8] rotaviruses [83]. In a recent
study of a rotavirus outbreak in a middle school in China, Guo et al. [84] identified a single
G9P[8] rotavirus strain that only infected HBGA secretor individuals. Furthermore, a recent
study by Cantelli et al. [85] showed HBGAs secretor individuals were more susceptible to
rotavirus vaccine strains compared to non-secretors who lack expression of certain HBGA
molecules essential for infectivity by several RV strains. This further confirms the roles
HBGA plays in viral replication and also suggests its potential effect on the effectiveness of
the oral rotavirus vaccines.

In the post-attachment stage, the trypsin-like proteases of the gastrointestinal tract
proteolytically cleave VP4 spike into VP8 and VP5, a highly ordered conformational change
in the capsid proteins and an important event that accelerates viral penetration, thus
promoting infectivity [86]. Recently, the result of an electron cryomicroscopy showed VP4
activation via trypsin cleavage to VP8* and VP5* triggers its functional refolding on the
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virion surface from an upright to a reversed conformation. Such reversal exposes the
previously buried foot domain for interaction with the host cell membrane [87].

4.2. Local Intestinal Infection and Disease Mechanisms

RV infection is largely localized to the intestinal mucosa, although evidence of viral
replication has been shown in some distant areas of the body such as lamina propria and
regional lymphatics, especially among the immunocompromised individuals. Viral replica-
tion at these extraintestinal sites and systemic spread is usually rare in immunologically
competent persons [88]. Rotaviral diarrhea is caused by multiple activities of the virus.
One mechanism is that the extensive replication of the virus coupled with massive cellular
necrosis of the gut epithelium causes villous atrophy, loss of microvilli, severe mononuclear
cell infiltration, endoplasmic reticulum and mitochondrial engorgement in enterocytes,
and loss of intestinal brush border enzymes such as maltase, sucrase, and lactase [9,89].
The result of this is nutrients (D-xylose and lactose in the vicinity of acute infection), elec-
trolytes, and fluid malabsorption leading to increased osmotic pressure in the gut lumen
and subsequently onset of diarrhea [70,89,90]. Reactive crypt-cell hyperplasia following the
process may accelerate rates of fluid secretion, thereby increasing the severity of diarrhea.

A second mechanism underlying RV diarrhea is that viral enterotoxin NSP4 pro-
duced by RV-infected cells binds to intestinal epithelial cells [91] and signals through
phospholipase C, thereby activating signaling pathways that can induce age- and calcium
ion-dependent chloride secretion into the intestinal lumen [92]. High chloride ion concen-
tration provides an osmotic gradient that favors the movement of water into the intestinal
lumen that ultimately results in secretory diarrhea [19]. The NSP4 protein inactivates
the Sodium-Glucose-Lactose-Transporter proteins system (SGLT1) that mediates reabsorp-
tion of water, sugar, and body electrolytes, thereby reducing the activity of brush-border
membrane disaccharidases and perhaps activation of the calcium ion-dependent secretory
reflexes of the enteric nervous system as well as the loss of water from the body [70]. Under
normalcy, healthy enterocytes secrete lactase into the small intestine that helps in lactose
metabolism, but children with rotavirus infection are unable to tolerate milk due to lactase
deficiency that can last for several weeks [93]. Such a child may experience recurrence of
diarrhea after milk reintroduction into the child’s diet as a result of bacterial fermentation
of the lactose in the gut [94].

A third mechanism is based on the stimulation of the enteric nervous system by the vi-
ral enterotoxin. The NSP4-mediated increase in intracellular calcium concentration induces
the secretion of 5-hydroxytryptamine (5-HT) also called serotonin from enteroendocrine
cells in humans. This chemical triggers the activation of enteric nerves that innervate the
small intestine, thereby increasing intestinal motility, which is associated with diarrheal
onset [95]. Evidence studies have shown that drugs that block such stimulation were
associated with the alleviation of diarrhea [19,96].

The mechanisms that trigger vomiting usually seen in an early illness may be the
result of early cytokine release acting centrally, or delayed gastric emptying [97]. Whether
the latter is a result of an increase in gastrointestinal hormones (e.g., secretin, gastrin, and
cholecystokinin) or vagal nerves activation associated with rotavirus infection remains
an area for future study to look at. As reported by Marie et al. [98], the viral toxin can
stimulate a sensory cell called enterochromaffin cells that lined the gut walls to release
serotonin, a signaling substance that in turn activates the vagal afferent nerves linked to the
brain’s vomition center. The vagus nerve has certain neurons that extend from the gut to
the brain and vice versa. It constitutes an important signaling pathway for emetic stimuli
and the generation of vomiting [96].

4.3. Systemic Infection

RV infection has been linked to systemic diseases such as seizures in the CNS, acute
cerebellitis, and autoimmune pathology with clinical and pathophysiological implications
beyond the gut [99,100]. One suggested mechanism of viral spread from the gut to CNS is
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that viral attachment to specific surface receptors such as histo-blood antigens, sialic acids,
and integrins may be followed by the crossing of the blood–brain barrier [101]. The CNS
has been identified as one of the main targets of extraintestinal infection, a reason Rivero-
Calle et al. [101] attributed to rotavirus tropism toward the neuronal cells. Antigenemia
and viremia are commonly found in children infected with RV even when diarrhea is
not detected [102]. Patient with such condition has manifested with increased severity
in terms of fever, vomiting or convulsion [103], although the underlying mechanism is
yet to be unraveled. The relative importance of viremia and extraintestinal infection is
more pronounced in immunocompromised patients [99]. A condition of antigenemia
usually occurs on the first day of illness, intensifies between the first and third days of the
appearance of symptoms, and drops afterward. Persistent antigenemia lasting for up to
11 weeks has been documented [103].

4.4. Host and Viral Factors Influencing Pathogenesis

Persons infected with rotavirus may be asymptomatic or symptomatic, the outcome
of which is determined by a variety of viral and host factors. Age is the most significant
host factor that influences the clinical outcome of RV infection. Thus, neonates infected
with rotavirus do not always manifest symptoms of the disease as they are protected
by maternal antibodies acquired through the placenta [104]. The decline in the level of
maternal antibodies is usually coincident with the age of the highest susceptibility of infants
to severe cases of rotavirus disease. This susceptibility to infection continues up to age five
years before the baby begins to develop a strong immunity to the virus infection. Adults are
also infected with rotavirus although severe symptomatic disease is not common. Adults’
infection may occur due to infections with an unusual virus strain or exposure to very
high doses of virus [70]. Children experiences repeated exposures from birth to old age,
though natural and/or vaccine-induced immunity usually makes further infections mild
or asymptomatic following natural infection or vaccination [105]. Malnutrition is another
factor that potentiates the severity of rotavirus diarrhea by delaying the restoration of
the damaged intestinal epithelial barrier and also modifying the intestinal inflammatory
responses [106]. In animal models, malnutrition superimposed with RV infection has also
been shown to be associated with an enhanced viral shedding and intestinal microbiota
translocation to systemic organs due to the compromised intestinal epithelial barrier [106].

The determinant of virus virulence is a function of the proteins coded by a subset
of the 11 viral genes. Several of the gene segments (3, 4, 5, 9, and 10) encode proteins
that regulate the multigenicity of the virus virulence. For instance, gene 3 encodes the
capping enzyme that facilitates viral RNA replication in infected cells, gene 4, as well as
9, synthesize the outer capsid proteins necessary to initiate infection, gene 10 encodes a
nonstructural protein (NSP4), which regulates the internal calcium homeostasis, facilitates
virus replication and also functions as an enterotoxin [70]. The NSP1 protein product of
gene 5 is associated with host interferon responses inhibition by mediating the breakdown
of interferon regulatory factors IRF3, IRF5, and IRF7 [107].

4.5. Clinical Features

The clinical course of rotavirus infection varies from mild, watery diarrhea to severe,
dehydrating diarrhea with vomiting and fever, sometimes leading to death [108]. The
incubation period is usually between 18 to 36 h, and this may be followed normally by
an acute onset of fever and vomiting [109]. Diarrhea is then seen, and this may last for
five to seven days. Daily, fewer than 10 non-bloody but mucusy bowel movements are
seen [110]. Bloody diarrhea has also been reported in a few cases [50]. Patients may also
experience loss of appetite and dehydration. Decreased urination, dry mouth, and throat
feeling dizzy when standing up, crying with few or no tears and unusual sleepiness or
fussiness are frequent signs of dehydration [111]. Children may develop more than one
episode of rotavirus disease since neither the vaccine nor natural infection can provide full
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protective immunity against future infections. Notably, the first infection of a child tends to
produce more severe symptoms than recurrent ones [111].

Rotavirus-associated illness is not distinguishable symptomatically from those re-
sulting from other enteric viruses [108]. However, few features distinguish those with
RV gastroenteritis from those with other causes of gastroenteritis [112]. People with RV
gastroenteritis reportedly manifest more with all three symptoms (fever, vomiting, and
diarrhea) and symptoms are more severe compared to illness in people infected by other
gastrointestinal viruses [108,109].

5. Immunity to Rotavirus
5.1. Innate Immune Response

The innate immune response against rotavirus begins with the induction of IFN
production, which is mediated by viral dsRNA [113]. After viral penetration of host cells,
rotaviral replication is immediately recognized by the host receptors called the retinoic
acid-induced gene-1 (RIG-1), Toll-like-receptor-3 (TLR-3), or melanoma differentiation-
associated gene 5 MDA-5). Rotavirus nucleic acid is a potent inducer of the host pattern
recognition receptor (PRR) machinery which includes the RIG-I, MDA-5, and TLR3 [113].

The absence of 5′-caps is a virus-specific signature that increases the possibility of RV
(+) RNAs recognition by RIG-I that enhances IFN expression and an antiviral response [114].
This interaction is followed by the activation of two transcription factors, namely the in-
terferon regulatory factor 3 (IRF3) and the nuclear factor kappa light chain enhancer of
activated B cells (NF-κB). The transport of molecules to the nucleus is accompanied by
activation of the interferon-stimulated genes (ISGs). During viral replication, NSP1 pro-
duction can trigger degradation of IRF3, and with the help of rotavirus-dependent and
independent mechanisms; the translocation of NF-κβ to the cell nucleus can be blocked.
Interestingly, the anti-interferon type I function of the NSP1 protein is different depending
on the strain of rotavirus (targeting IRF 3, 5, 7 or TrCP beta) [115]. For instance, human
rotaviruses have been shown to rely majorly on the NSP1-mediated degradation of IRF5
and IRF7 to block signaling by IFN-β, whereas NSP1 from rotaviruses of animal origin
preferentially targets the IRF 3, 5, and 7, a difference that explains the expanded range
of attack exerted by the animal rotaviruses on the IFN-β signaling pathway [115]. In the
course of the disease, there is INF transcription and dsRNA-dependent protein kinase
(PKR) modulation of more INF generation. This cascade of reactions leading to autocrine
production of IFN produces signals that trigger transcription of signal transducers and
activators of transcription 1 and 2 (STAT1 and STAT2) and interferon regulatory factor 9
(IRF9). The translocation of these molecules into the cell nucleus will lead to the enhance-
ment of transcription levels of ISG and INF and subsequently, the establishment of an
antiviral state for virus clearance and localization to the gut to prevent extraintestinal
spread [115,116]. The PRRs mediated activation is characterized by elevated levels of
IFN-α, IFN-β, IFN-γ, proinflammatory cytokines and chemokines (TNF-α, IL-6, IL-8, IL-12,
MCP-1), in the intestinal mucosa. The IFNs and cytokines from the intestinal epithelial cells
and immune cells promote the development of protective immunity through induction
of antiviral state, recruitment and activation of immune cells as well as the maturation of
dendritic cells (DCs) [116]. The matured DCs become more efficient to connect innate and
adaptive arms of the antiviral immune response through priming and activation of T and B
cells responses [117]. A fundamental role for TLR-mediated defense against rotavirus is
evident from the observation that the absence of MyD88, which is a key convergent adaptor
in signaling from the different TLRs culminates in increased viral infectivity, the intensity
of diarrheic morbidity, and impaired humoral immunity [118].

Rotavirus infection of a cell triggers 2′-5′-oligoadenylate synthetase (OAS)/RNase-L
immune pathway activation. In a reaction cascade elicited by the interplay of viral dsRNA
and 2′-5′-oligoadenylate synthetase, the 2′-5′ oligoadenylates are released to cause RNase-
L degradation of both viral and cellular RNAs [119]. Recent studies have shown that
the VP3 protein of rotavirus synthesized in the cell has a phosphodiesterase activity that
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antagonizes the deleterious innate immune response through catalytic cleavage of the
2′-5′-phosphodiester bond of the oligoadenylates [120].

Although rotavirus has developed strategies to evade some interferon and NF-κB
signaling [121], the innate immune response through the NOD-like receptor (NLR) Nlrp9b
inflammasomes represent additional checkpoints used by the host against viral invasion
of the intestinal mucosa [121]. According to Zhu et al. [121], conditions that deplete the
levels of Nlrp9b or other forms of the inflammasome in the intestine in vivo promote
susceptibility to rotavirus replication with consequences such as high viral load, increased
viral shedding in stool, and recurrent episodes of diarrhea. Innate immune response via
the Nlrp9b inflammasome signaling involves Nlrp9b recognition of short dsRNA sequence
of RV, forming of complexes with Asc and caspase-1 and the upregulation of interleukin-18
and gasdermin D expression, which modulate host innate anti-RV defense.

5.2. Humoral Immunity

Rotavirus elicits both local intestinal (sIgA) and systemic antibody (IgA and IgG)
responses [122]. The immunogenic outer layer proteins (VP7 and VP4) elicit neutralizing
IgG and IgA responses, which protect children and adults from disease. The sera from
convalescing individuals have also revealed virus-specific antibodies, but which are non-
neutralizing against the immunodominant epitopes of RV proteins VP2 and VP6 [122].
The full clinical significance of such non-neutralizing RV-specific antibodies for protection
remains to be determined. Specific systemic IgG and IgA at high titers (e.g., >1:200) have
been correlated with host protection against RV infection. Similarly, a significant correlation
exists between IgA titers and rotavirus vaccine efficacy [123].

Although the small intestine is the primary site for rotavirus infection and replication,
reports have shown that viral escape from the gastrointestinal tract thus occurs and this
has resulted in antigenemia and genomia associated with systemic and mucosal humoral
responses [124]. Homotypic immunity leading to neutralizing antibodies against the major
G serotype of the infecting strain is elicited after initial naturally occurring or vaccine-
induced rotavirus infection in infants and young children [125]. Subsequent rotavirus
infections elicit both homotypic and broader heterotypic (against strains with different
G serotypes) antibody responses. Children re-infected by similar strains are significantly
more protected than with different G serotypes. The reason suggested is that humoral
responses are initially induced against the surface exposed VP7 and VP4 epitopes, while
repeated exposure is only required for antibodies elicited against either non-neutralizing,
conserved epitopes of the identical proteins or different forms of RV-encoded proteins [70].

Both forms of systemic antibody are correlated with protection against rotavirus
infection [126]. However, findings from animal studies and adult volunteers have shown
that measurement of local antibodies is better for mucosal surrogates of immune protection
against rotavirus illness [127]. Additionally, a recent study by Sinha et al. [128] showed
that the circulating antigen-specific antibody-secreting cells (ASCs) that move to lymphoid
tissue or specific mucosa site to secrete IgA or IgG antibodies following natural infection
or vaccination may also be a good correlate of immune protection against rotavirus in the
community, since they appear early and are triggered by all RV strains at high levels during
mucosal and systemic infection. However, the results also suggested that RV-specific blood
ASCs response, which functions in the homing of plasmablasts to the gut, was short-lasting.

In a recent neutralization study by Caddy et al. [129], high levels of IgG targeting the
VP6 (middle capsid particle) of rotavirus were observed, suggesting that the VP6-specific
IgG may contribute to the current mechanistic correlates of immune protection. Importantly,
the findings of higher efficiency of intracellular neutralization of RVs by the VP6-specific
IgG associated with the cytosolic antibody receptor TRIM21 activity as compared to the
VP6-specific IgA, confirms VP6-specific IgG protective role during infection and the VP6 as
a potential vaccine target.



Viruses 2022, 14, 875 11 of 34

5.3. Cell-Mediated Immunity

In children infected with rotaviruses, the CD4 and CD8 T-cell responses are majorly
through Th1 and sometimes Th17 responses. Once activated, proinflammatory cytokines,
especially IFN-γ and IL-17 from CD4 and CD8 T-cells, exert an immune-protective response
via induction of a direct anti-viral state and recruitment of inflammatory cells capable of
viral clearance [130,131]. During rotavirus infection, the regulatory T-cells subpopulations
(IL10+ and FOXP3+ regulatory T-cells) are sometimes involved in the suppression of pro-
inflammatory immune response to preserve mucosal homeostatic balance in response to
rotavirus [132]. Although the B lymphocytes play a major role in the protection against
reinfection from the wild-type virus, viral clearance during primary infection is facilitated
by the CD8+ T cells [107]. In a lymphoproliferative assay, the decline of rotavirus-specific
T-cells after a serologically confirmed rotavirus infection in children and the development of
a strong and consistent lymphoproliferative response in healthy adults is suggestive of the
vital role T-cells play in viral clearance and protection [133]. The CD4+ T cells provide the
necessary signals that assist B and T cells differentiation during infection, with an additional
direct anti-rotaviral activity as was demonstrated in recombinant VP6-immunized mice.

The result of chronic infection in mice model with absent T and B cells when challenged
with rotavirus highlights the significance of adaptive immunity in the protection against
RV disease [134]. The cell-mediated immune response provides resistance against re-
infection through the production of cytokines majorly by T-cells and macrophages during
the activation and pathogenesis of infectious diseases. This cellular aspect of immune cells
secrete cytokines such as IFN-γ and TNF-α that exert antiviral defense through inhibition
of virus infection or by modulating a wide range of host immune responses. This response
may enable the host to contain or clear the virus as well as protect the host in the acute
phase before other aspects of immune responses such as the serum antibody responses
comes into play. For instance, the type-1 IFNs (IFN α/β) are elicited to enhance NK cell
cytotoxicity and activity, induce MHC 1 expression, upregulate costimulatory molecules on
dendritic cells, and promote the expansion of specific memory CD8 + T cell subsets [135].

The findings of strong proliferative T cell responses to RV without an increase in RV
antibodies in some young prospectively followed-up children suggest that seroconversion
may not always be an exhaustive indicator of early virus exposure as some infections may
be missed [130,133]. Therefore, measuring virus-specific T cell responses in infants and
small children can complement antibody detection in identifying early exposure to the
virus. The fact that passively acquired maternal antibodies do not interfere with T cells
results in interpretation showed it may be a useful marker for the early infection [130].
However, they are short-lived and the acute nature of RV infection is such that memory T
cells are induced at relatively low frequency. Consequently, small children have less chance
of developing circulating memory cells due to the limited exposure history and immature
immune system [136]. With advancing age, antibody responses to RV generally remained
high, leading credence to the current consensus that seroconversion is a better marker of
protection against rotavirus [137].

6. Laboratory Diagnosis of Rotavirus Infection

Laboratory diagnosis of rotavirus infection involves testing of fresh, whole stool sam-
ples or rectal swabs from diarrheic patients for the presence of the virus, virus-specific anti-
gen, or RNA [60]. Direct detection of rotavirus involves the use of electron microscopy (EM),
a sensitive and highly specific method. A recent modification utilizing magnetic microparti-
cles functionalized with monoclonal antibodies enhanced the ability to capture, concentrate,
separate, and detect infectious rotavirus particles in clinical samples [138]. However, the
method of EM is expensive, requires highly trained personnel, and is labor-intensive for
the routine detection of rotavirus in large numbers of specimens [139]. Commercially
available antigen detection kits (ELISA, immunochromatography, or latex agglutination)
are primarily used for rotavirus diagnosis. The latex agglutination technique is rapid and
simple to carry out without sophisticated equipment, making it useful in disease outbreak
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detection especially in resource-poor settings where means for rotavirus recognition are
in short supply [140]. Although, the ELISA-based technique is the most widely explored
antigen screening platform due to its high sensitivity, specificity, and adaptability to a large
sample volume of samples in the 96-well plate [60]. Growing rotavirus in cell culture helps
to confirm viral viability and also improves the molecular detection of the virus, which
may be present in very low concentrations in the clinical or environmental samples [39].
Although cell-culture-based methods are highly sensitive, they are laborious and expen-
sive. It is time-consuming, highly prone to contamination, and is often not requested for
clinical diagnosis.

Polymerase chain reaction (PCR)-based technique (e.g., reverse transcription (RT)-PCR,
qPCR, real-time PCR), which detects RNA in the clinical sample, is a more sensitive method
than antigen detection platform but, to date, it remains primarily a research tool [60]. The
sequencing of VP7, VP4, and other genome segments is required for genotyping circulating
rotavirus strains. Conventional sequencing techniques have the disadvantages of being
labor-intensive, low throughput, and costly [141]. Newer RT-qPCR assays, especially
TaqMan® assays, have been used to overcome the challenges of conventional RT-PCR and
sequencing. Compared with other methods, real-time quantitative PCR has advantages
of increased specificity, sensitivity, genotyping, ability to multiplex, high throughput
sample processing, faster turnaround time, and quantitative accuracy [141]. For complete
characterization of RV genome and identification of unusual genotype constellations,
whole genome analysis has recently been recommended by the RV classification working
groups [20]. However, the method is yet to be employed routinely due to the increased
resources required.

7. Epidemiology and Molecular Diversity
7.1. Morbidity and Mortality in Children

Rotavirus is the leading cause of diarrheal morbidity and mortality in young children
worldwide. The infection is generally acute and severe with a high rate of dehydration
often needing hospitalization. Dehydration, if not treated early, may lead to death, as it
is commonly seen in developing countries [13]. Generally, most children experience an
episode of RV gastroenteritis (RVGE) before their fifth year birthday, with one in every five
of them visiting a health facility, one in every 65 cases necessitating hospitalization, and
approximately one in every 293 cases eventually having a fatal outcome [142,143].

Rotavirus-induced diarrhea was responsible for the annual death of about
527,000 children≤5 years across the globe before rotavirus vaccine use. This rate accounted
for approximately 40% of all diarrheal deaths and 5% of all deaths among the under-five
children [60,144]. According to a report, greater than 90% of RVGE deaths noted in 2013
occurred in 72 low and middle-income countries [143]. Implementation of RV vaccination
in national immunization programs (NIPs) reduced the RV disease burden substantially.
Post-vaccination studies documented a death rate attributable to rotavirus diarrhea among
≤5 at approximately 215,000 per annum [1]. However, the epidemiological distributions of
disease burden vary remarkably across various geographical settings [60]. For instance,
in Europe, acute gastroenteritis cases due to RVA account for 75,000–150,000 infantile hos-
pitalization. In Spain, the annual incidence of acute gastroenteritis associated with RVA
in primary care ranges between 15.4 and 19.5 cases per 1000 children up to 5 years and
20 cases per 1000 children up to 3 years [145]. In the Eastern Mediterranean region, the
annual morbidity rates ranged from 0 to 112/100,000 with an average mortality rate of
39/10,000 per year [146]. Generally, higher mortality rates due to RVGE were noted in the
low-income countries (e.g., Afghanistan, Pakistan, Sudan, Yemen, and Somalia) compared
with countries where the per capita income was high (e.g., Saudi Arabia and Kuwait).
However, the overall hospital and health center visits due to RVGE among under-five
were similar in both high- and low-income WHO-EMRO countries [143,146]. A recent
meta-analysis finding of Ardura-Garcia et al. [147] among under-five year children in
highly developed countries showed rotavirus is responsible for 21% (95% CI 16–26%) acute
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gastroenteritis cases necessitating primary health care utilization, 32% (25–38%) visits to the
emergency department; 41% (36–47%) hospitalization, 29% (25–34%) nosocomial infections
and 12% (8–18%) diarrheal deaths.

There are three major immunologic groups of rotavirus with distinct epidemiologic
distribution patterns. The group A Rotavirus (RVA), which accounts for >90% of rotavirus
gastroenteritis cases in humans, is endemically distributed worldwide [19]. RVA has caused
significant numbers of outbreaks among hospitalized infants, young children at family
homes or daycare centers as well as the elderly care homes [27,30,148]. Large outbreaks of
RVA attributable gastroenteritis have been reported in Brazil [149], Nicaragua [150], and
Botswana [151]. Rotavirus B, commonly referred to as adult diarrhea rotavirus or ADRV, is
responsible for the sporadic and sometimes epidemic cases of the outbreak in humans [152].

Globally, human RVAs G-genotypes designated G1-G4, G9, and G12, as well as P-
genotypes P[4], P[6], and P[8], predominate [153]. Molecular epidemiological studies
across the globe have identified more than 60 G/P combinations circulating in human
populations. The G/P genotypes combinations frequently implicated in human infections
worldwide are G1P[8], G2P[4], G3P[8], G4P[8], G9P[8], and G12P[8] [56,154]. These globally
predominant strains exhibit temporal and regional variations, which influence the diarrheic
episodes in some RV seasons. For instance, in Africa, these strains are responsible for
nearly 63% of all RV infections, whereas in Europe, it accounts for >90% [55,56]. In a
single season, the majority of the prevalent strains may co-circulate, thereby increasing the
likelihood for genetic diversity by the mechanism of genome reassortment [155]. In the
developing countries where factors such as overcrowding, sharing of a common source of
water, and living space by domestic animals and humans are high, the uncommon human
G/P type combinations are frequently reported due to the increased chances of interspecies
transmission of rotaviruses and reassortment events [56]. Thus, the unusual rotavirus
genotypes such as G1P[4], G2P[8], G9P[4], G12P[4], G8P[6], G8P[8], and G12P[6] have
acquired greater epidemiological relevance in some rural areas of Africa, Asia and South
America [156,157].

7.2. Age and Sex Incidence Distribution

In developing countries, the attack rate is very high among children aged 6 to
12 months whereas children of 12 to 14 months were predominantly infected in devel-
oped countries [158,159]. About 38% of children develop protective immunity to the virus
after the first natural challenge with rotavirus, 77% of them are protected from acute
rotavirus-induced diarrhea while 87% do not come down with severe cases [60]. Rotavirus
infections in adults have occurred among the military population, hospital personnel,
immunocompromised patients, elderly, travelers to developing countries, and parents in
homes of infected infants. About one in every three adult infections is clinically inapparent,
although reinfection in both children and adults does occur [30,60]. Boys infected with
rotavirus are more likely than girls to be admitted to the hospital [160]. The reason for
this difference has not yet been proven. The period of highest susceptibility usually cor-
responds with the decline of maternally acquired immune factors that often wanes after
about 5 months. Consequently, susceptibility to rotaviral disease continues for a lifetime.
Though the majority of severe cases occur at the infants’ first infection [60].

7.3. Seasonal Patterns of Infection

Rotavirus infections occur primarily during cool, dry seasons [161]. The seasonality
of rotavirus infections differs from one region to the other. It is regarded as “winter
diarrhea” in some parts of the world where the majority of the cases are seen in the winter
season [162,163]. In the tropics, rotavirus infection occurs all year-round, although with
fluctuations characterized by peaks and valleys, whereas in the temperate regions incidence
is almost zero in certain months, but peaks during the fall and winter. The generally low
climatic variability in tropical areas may not be sufficient to cause a significant change
in disease incidence. In Africa for example, rotavirus infections occur all year round in
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all most every country, with different peaks during the dry months compared to the wet
periods. Only a few countries in the continents with variable climatological variables may
have a different pattern of disease occurrence. In South Asia, the peak of rotavirus infection
occurs in the colder, drier months of the year [32]. As survival of infective rotavirus is
favored in cooler conditions with low relative humidity, it has been hypothesized that a
relative drop in humidity and rainfall combined with the drying of soils might increase the
aerial transport of dried, contaminated fecal material [162].

Researches have shown that with a 1 ◦C increase in the mean temperature in the
tropical region, the rotavirus incidence decreases by 10%. Additionally, with a 1 cm increase
in mean monthly rainfall, the incidence of rotavirus decrease by 1%. The seasonal pattern
may also be influenced by socio-demographic factors [32]. This observation corroborated
earlier reports that identified income level as a stronger predictor of seasonality than latitude
or geographic region. The study of Patel et al. [162] identified level of country development
as a stronger predictor of the seasonal intensity of rotavirus disease compared to latitude
or the geographical location of each poorer country, particularly those in Africa, Asia,
and South America that had lesser seasonal variation in disease than the more developed
countries from Europe, North America, and Oceania, even after taking into account local
climate and geographical location. Generally, tropical countries are less developed than
those in temperate regions, thus increased opportunities for high transmission rates and
high birth cohort behaviors in those poor countries are more likely and could be the reason
for relative lack of seasonality in these countries [164]. The peak rotavirus activity in the
US begins in the Southwest in autumn (October–December) and ends in the Northeast
during spring (March–May) [163]. An epidemiological study of RV transmission dynamics
in the US showed that demographic parameters such as spatiotemporal disparity in birth
rate could drive the differences in seasonality of RV diarrhea in different geographical
settings [165]. Thus, in the developing countries where birth rates are high, the seasonality
of RV diarrhea is less marked as a significant number of new susceptible children are
introduced into the population all year round [165].

7.4. Nosocomially-Acquired Infection

Acute gastroenteritis related to RV is defined as nosocomial when the symptoms
appear at or after 48 h of admission in the hospital to 72 h after hospital discharge. Reports
of several studies have shown that between 15–30% of cases of nosocomial RV infection
have occurred after hospital discharge with an addition of 0.8–1.0/100 cases being for the
seasonal incidence in infants and toddlers [166]. Generally, viruses are the most recognized
agents for nosocomial disease in the pediatric ward with nosocomial diarrhea resulting in
91–94% of all cases, 65–90% of pediatric hospital-acquired infections, and 31–87% of cases
attributable to RV [167]. The introduction of RV in the pediatric wards mostly results from
hospitalized children who had acquired RV from the community, particularly after their
stay in the emergency room before being hospitalized. However, RV symptoms resulting
from community-acquired and nosocomial RV infections are not distinguishable. Viral
excretions usually begin shortly before the onset of disease symptoms. Even after the
resolution of diarrheic symptoms, the individual may continue viral shedding for as long
as 57 days. Individuals are usually infectious within the first 2 weeks, though it could be
extended in immunocompromised patients. People not showing symptoms of RV accounts
for 18–39% of all nosocomial RV cases in which preponderance of cases are seen in neonates
and children <3 months old. The social impact is low but broad, essentially impacting a
month of a family’s life, without sequelae. Studies have found that out-of-pocket costs
(rehydration therapy, non-prescription drugs, diapers, phone calls, and transport) and time
lost from work are considerable for the families of affected children, even for cases of low
severity [168].
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8. Prevention and Control
8.1. Vaccination

The control of rotavirus-attributable diarrheal diseases currently relies on the use of
live attenuated oral rotavirus vaccines especially in countries where the mortality rates
are high [22]. RotaTeq (RV5) and Rotarix (RV1) are the most widely used vaccines for
the prevention of rotavirus infection globally since WHO pre-qualification in 2008 and
2009, respectively [169] (Table 2). Rotarix is an oral monovalent vaccine consisting of a
live-attenuated human rotavirus G1P[8] genotype. The breakthrough vaccine virus was
derived from the stool of a <12 months-old baby with natural RV infection, and viral
attenuation was achieved through cell culture passages [170].

RV1 is a product of GlaxoSmithKline Biologicals, Belgium, and was launched into
the market in 2006 [78]. Since then, the use of RV1 is extensively characterized by post-
marketing surveillance studies in different settings to establish safety, effectiveness, and
impact [171,172]. Such data are especially needed by countries intending to switch from
Gavi support to self-financing, as they serve as an evidence-based rationale for sustained
support of rotavirus vaccination [169]. The pooled efficacy data from the developed
countries have shown that RV1 prevents 82% of severe diarrhea cases attributed to RV and
approximately 37% of severe all-cause childhood diarrhea. In the developing countries,
on the other hand, RV1 prevents only 35% of severe rotavirus-attributable diarrhea cases,
which account for 17% of all-cause of severe childhood diarrhea episodes [171]. RotaTeq is
an oral pentavalent live attenuated reassorted bovine-human rotavirus vaccine containing
four common human VP7 (G) types (G1, G2, G3, and G4) and one common human VP4
(P) type (P[8]). RotaTeq was developed by Merck and Co. Inc., USA, and launched in
the market at the same time as RV1 [171]. In developed countries with reportedly low
mortality, RV5 has been shown to prevent 82% of severe rotavirus-associated childhood
diarrhea. Similar to R1, the effectiveness is reduced in developing countries with notable
high birth cohorts as it only prevents 41% of severe rotavirus-associated childhood diarrhea
and approximately 15% of severe all-cause of diarrhea episodes [171]. One rationale for
rotavirus vaccination is that it does not only elicit an immune response to the serotype in
the vaccine, but also the heterologous serotypes [172]. RotaTeq® is administered in 3 doses
at ages 2 months, 4 months, and 6 months while Rotarix® is in 2 doses at ages 2 months
and 4 months [60].

The World Health Organization in 2018 prequalified two additional vaccines namely;
ROTAVAC® (Bharat Biotec of Hyderabad, India) and ROTASIIL® (Serum Institute of
India, India) (Table 2). Rotavac is a monovalent vaccine containing a live-attenuated wild-
type reassortant G9P[11] rotavirus strain whereas the Rotasiil is a pentavalent vaccine
containing a lyophilized preparation from reassortant human-bovine rotavirus G1–G4 and
G9 strains [60]. Meta-analysis findings from a pooled efficacy studies have shown that
Rotavac prevents 54% of severe rotavirus-associated diarrhea cases in India, which account
for a 16% reduction of all cases of severe diarrhea episodes [171]. Both Rotavac and Rotasiil
have been licensed internationally and have since been introduced by India. Rotavac is
currently in use in Palestine and some African countries [4,78]. Elsewhere in the World, as
of the end of 2018, 106 countries have included Rotarix or RotaTeq rotavirus vaccines in
their national childhood immunization programs [78].
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Table 2. Characteristics of rotavirus vaccines approved for use.

Name Licensing Date of WHO
Prequalification Vaccine Antigens Formulation Storage

Conditions No. of Doses Schedule References

Rotarix (RV1; GSK) Globally March, 2009
Live-attenuated, human
wild-type G1P[8] strain
[R1X4414]

Liquid 2–8 ◦C for
36 months 2 2 months and

4 months [60,171]

RotaTeq (RV5;
Merck) Globally October, 2008

Live-attenuated,
human-bovine rotavirus
reassortant G1, G2, G3, G4
and P[8]

Liquid 2–8 ◦C for
36 months 3 2 months, 4 months

and 6 months [170]

Rotavac (Bharat) Globally January, 2018
Live-attenuated wild-type
reassortant G9P[11] strain
[116E]

Liquid frozen
2–8 ◦C for 7
months, −20 ◦C
(long-term)

3 6 weeks, 10 weeks
and 14 weeks [78]

Rotasiil (Serum
institute) Globally September, 2018

Live-attenuated
human-bovine rotavirus
reassortant G1, G2, G3, G4,
and G9

Lyophilized,
Thermostable
lyophilized &
Liquid

<40 ◦C for 18
months <25 ◦C for
30 months
14 weeks

3 6 weeks, 10 weeks
and 14 weeks [4,22]

Rotavin-M1
(POLYVAC) Nationally Not yet Live-attenuated human

rotavirus strain G1P[8] Liquid frozen
2–8 ◦C for
2 months −20 ◦C
for 24 months

2
Minimum at
6 weeks, for 4 weeks
apart

[4,22]

Lanzhou lamb
(Lanzhou institute) Nationally Not yet Live-attenuated lamb

G10P[15] rotavirus strain Liquid 2–8 ◦C for
12 months 4

I dose annually for
children aged
2–36 months

[4,22,60]



Viruses 2022, 14, 875 17 of 34

Two vaccines namely; Rotavin-M1 (POLYVAC, Thành phố Hà Nội, Vietnam) and
Lanzhou lamb (Lanzhou Institute of biological product, China) are currently been licensed
nationally in Vietnam and India, respectively, to promote affordability and availability of
rotavirus vaccination. Both vaccines are yet to receive prequalification by WHO and their
coverage is limited [60,78]. Although these two vaccines are promising, large efficacy stud-
ies and impact survey data on both vaccines are currently unavailable and are warranted
to provide a clue on their performance on a larger scale [170]. The license of Rotavin-M1 in
Vietnam in 2012 was based on the tolerability outcome as well as the immunogenicity rate,
which was estimated at 73% (Ig)A seroconversion in a trial of Vietnamese children [173].
Rotavin-M1 contains the G1P[8] strain and the frozen preparation is administered orally
with a two-dose schedule at ages 2 and 4 months [174]. The Lanzhou lamb contains
G10P[15] rotavirus genotype and is given in a single dose followed by annual boosters for
children aged between 2 months and 3 years [175].

Before vaccine introduction in the US, RV was responsible for about 2.7 million diar-
rheal cases each year in which >95% of the children were infected before their fifth birthday.
After the execution of the rotavirus vaccination, about 280,000 hospital visits, 62,000 visits
to the emergency department, and 45,000 hospitalizations were averted annually [176].
The post-vaccination era also witnessed indirect protection of unvaccinated age groups
population and an overall decline in healthcare costs [177]. The recent report of the 12th
African Rotavirus Symposium showed that approximately 40% rates reduction in hospital
admission of under 5-year-olds children with acute gastroenteritis was observed between
2006 and 2018 following the introduction of RV vaccine in WHO-coordinated African
region comprising 33 Member States [178]. A global estimate showed that rotavirus in-
fection accounted for 453,000 deaths (95% CI, 420,000–494,000) in children <5 years and
37% of deaths due to childhood diarrhea before rotavirus vaccination was introduced [142].
Since the WHO recommendation for the inclusion of the rotavirus vaccine in all national
childhood immunization programs over a decade ago, rotavirus-associated diarrheal mor-
bidity and mortality have declined substantially across the globe [1,170]. Although, due to
inadequate rotavirus vaccine coverage and high birth cohorts in some countries, the virus
was still responsible for approximately 128,500 deaths (95% CI, 104,500–155,600) among
children <5 years globally in 2016 with greater attributable percentage death rates in low-
and middle-income countries [1].

The current advances in reverse genetics system for RVs involving the use of an entirely
plasmid-based platform has been regarded as a breakthrough and a key technological
advancement over the more tedious helper virus-dependent reverse genetics techniques
developed for RVs [179]. In a recent study, a plasmid-based RV reverse genetic system
was successfully employed to generate both NSP3 and a fluorescent reporter protein by
replacing the open reading frame (ORF) of segment 7 of RV dsRNA with an ORF encoding
NSP3 that is fused to a fluorescent reporter protein [180]. The successful manipulation of
RV genomes without affecting the reverse genetic replication in vitro and the generation of
two heterologous proteins shows the potential use of rotaviruses as an expression vector
system for the delivery of bivalent vaccines. Further, the use of recombinant rotaviruses as
an expression vector of the highly immunogenic protein domain of the SARS-CoV-2 [181],
is suggestive of broader usefulness when fully developed. Studies have shown that the
reverse genetic system not only permits the regulation of the experimental conditions, but
also the preferred combination of several RV gene segments with concurrent mutations
and the production of mutants with a reduced interferon response [179,181]. All these
features of the reverse genetic system-based approach may be beneficial in advancing the
development of next-generation rotavirus vaccines.

Factors Influencing RV Vaccine Efficacy and Effectiveness in Poor Socioeconomic Settings

Generally, the efficacy and effectiveness of the oral rotavirus vaccine are higher in
developed countries compared to the developing nations where RV mortality is higher [171]
(Table 3).
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Table 3. Efficacy data for globally licensed rotavirus vaccines.

Name Region Efficacy (95% CI) Reference

Rotarix

Europe 96% (90–99%) [182]

Latin America 85% (72–92%) [183]

Africa 62% (44–73%) [184]

Rotateq

Europe 98% (88–100%) [185]

Africa 64% (40–79%) [186]

Asia 51% (13–73%) [187]

Rotavac Asia 54% (37–70%) [188]

Rotasiil Africa 67% (50–78%) [189]

Rotasiil Asia 36% (12–54%) [190]

The differences in vaccine effectiveness have also been observed in connection with
oral polio and typhoid vaccines [191]. Several hosts, pathogen, and environmental factors
have been suggested as the driving force for the discrepancies in vaccine performance
between the two socioeconomic settings [7,192]. Other barriers to achieving the full po-
tential of the vaccine for global rotavirus disease prevention include age restrictions on
vaccine use, concern for safety attributed to intussusception and reversion to virulence in
malnourished or immunosuppressed individuals due to the live attenuated nature of the
vaccine virus, inhibitory effect of the maternally acquired antibodies against RV, and the
cold chain storage requirement, which is difficult to maintain in low resource settings [67]
(Figure 3).
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I. Host associated factors
Globally, malnutrition is responsible for approximately 45% of deaths among children

younger than 5-years old, with a preponderance of cases in low- and middle-income
countries [27]. Malnutrition related either to protein-calorie (kwashiorkor) or essential
micronutrients (vitamins and mineral elements) is posing a serious concern for global health,
as it remains the leading cause of immune deficiency, with attendant effects on the intestinal
microbiota balance and immune responses to oral vaccines [193,194]. Experimental findings
from animal models have shown that both immunoregulatory responses and protective
efficacy of oral live attenuated human monovalent and pentavalent RV vaccines were
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affected by vitamin-associated-deficiency [192,195]. Retinoic acid, a derivative of vitamin
A, helps in the activation of gut dendritic cells and upregulation of gut homing receptors
such as CCR9 and α4β7 on vaccine-induced B and T cells [196]. In developing countries,
nutrients deprivation (infant formula or breast milk) attributed to prevalent factors such as
infection, poor sanitation, and poverty often predisposes infants to malnourishment [106].
Malnutrition has been shown to affect both the innate and adaptive immune responses to
RV infection. Consequently, reduced protection against RV diarrhea has been observed
in different studies among malnourished children post-vaccination challenge [197,198].
In a gnotobiotic neonatal pig model of childhood malnutrition, a decrease in RV-specific
IgA and IgG class in serum and intestinal tissues, as well as RV-specific IgG and IgA
antibody-secreting cells in the blood and intestinal tissues, has been observed following RV
vaccination when compared with nutrient sufficient animal. The findings that malnutrition
is associated with impaired mucosal and systemic RV antibody responses post-vaccine
challenge and infection suggest it can reduce both the protective efficacy and effectiveness of
oral RV vaccines in children in developing countries [199]. In addition to B-cell impairment,
protein deficiency has been shown to impair many aspects of innate, adaptive T-cell, and
cytokine immune responses that resulted in decreased protective efficacy of an oral RV
vaccine in a microbiota humanized animal model. Furthermore, malnutrition associated
with impaired T-cell immunity has been shown to exacerbate disease severity and also
prolong virus shedding following challenges with virulent RV [200]. This, in part, may
explain why the high rate of RV-associated diarrheal mortality still exists in impoverished
countries despite the availability of oral vaccines.

Human breast milk has been shown to contain antibodies and other immunological
factors that can inhibit RV replication in vitro and also reduce the immunogenicity of the
virus components of the oral vaccine, especially when babies are breastfed close to the
time vaccine is administered [201,202]. This has been corroborated in observational trials,
where higher levels of rotavirus-specific IgA antibody in breast milk were akin to failed
seroconversion [203]. On the contrary, findings from several clinical trials have shown that
withholding or restriction of breastfeeding at the time of vaccination did not enhance the
rate of IgA immune response to oral RV vaccines in children [204–206]. A higher rate of IgA
seroconversion had been observed in infants immediately breastfed than those withheld
from a feeding [206]. More recently, emerging information from clinical trials showed
higher levels of rotavirus-specific IgG antibodies acquired through the placenta rather than
the antibodies ingested through breastfeeding were significantly associated with reduced
vaccine-elicited immune responses in infants [203,207]. Nevertheless, the general findings
of higher levels of rotavirus-specific antibodies in both maternal serum and breast milk in
the low and middle-income countries compared to high-income countries are suggestive
of greater potential for inhibition [202,203]. While the clinical relevance of rotavirus-
specific antibodies in maternal sera and breast milk with oral vaccine immunogenicity and
protection from rotavirus disease is still being investigated across different socio-economic
settings, also including studies featuring on the understanding of the mechanisms of
inhibition may further shed light on their impact on vaccine performance.

The simultaneous administration of some vaccines with the RV vaccine has been
shown to impart on RV vaccine effectiveness. For instance, the concurrent administration
of the RV vaccine with oral polio vaccine (OPV) in low-income countries has been shown
to inhibit immunological response to RV vaccine [169,208,209]. In high-income countries
where OPV is no longer in use, the interference of the OPV causing lower titers of antibody
to the rotavirus vaccine is avoided.

II. Pathogen associated factors
Certain intrinsic factors of RV such as the force of infection (FOI), enteric coinfections,

and genetic diversity have been suggested as driving factors for the decreased vaccine
effectiveness in low- and middle-income countries compared to high-income countries [207].
The force of infection refers to the rate of infection of susceptible individuals in a population
per unit time and is influenced by pathogen transmission intensity, susceptibility of the host
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to infection and disease, and the level of protective immunity resulting from vaccination
across settings [210].

The FoI of RV displays significant global and local heterogeneity within countries. For
instance, a mixed model study of the incidence of rotavirus infection in children from two
low-resource settings in India and Malawi showed that children in the former were exposed
to rotavirus at a much younger age than those in the latter [211]. In low resource settings,
prevalent factors such as poor sanitation and hygiene, inadequate water supply, and low
vaccine coverage have been shown to significantly contribute to higher RV transmission
intensity and the early peak of RV incidence compared to their counterparts in high resource
settings [7]. The early and multiple exposures to rotavirus orchestrated by the greater FOI
can cause the production of an active immune response similar to maternal antibodies,
which may impact vaccine response in infants [7,202]. Understanding and modifying the
FoI between two socio-economic settings may provide the most direct, proximate, and
actionable interventions such as providing an additional dose of vaccine [212], considering
a neonatal dose schedule [213], or delaying a vaccine schedule [212] to improve or sustain
vaccine response.

Children from low resource-poor settings have generally shown much higher rates
of enteric co-infections than those from high-income regions. For instance, a 77% enteric
co-infection rate reported in a Ghanaian study was 10-fold higher than the rate observed
in children living in a French country [214,215]. Findings from several multicenter stud-
ies employing broad molecular-based testing have indicated higher enteric coinfection
with RV across developing countries in Africa and Asia as compared to high resource
settings [216–218]. The association of enteric coinfection with prolonged diarrheal episodes
and accentuation of RV disease severity shows that the comorbid condition can affect the
protective efficacy and effectiveness of the rotavirus vaccine [219].

III. Environmental associated factors
The microbiome of the gut supports host defense and homeostasis in recovery from

gastrointestinal infections [220]. The stress-induced by both biotic and abiotic factors
reduces the functionality of the microbiome and lowers the production of metabolites
required by the host [221]. The development of the microbiome begins soon after birth
and matures by 2 years of age. The stages of development are characterized by constant
changes in microbial structure and composition, which are often influenced by environ-
mental factors such as delivery mode, breastfeeding status, nutrition, probiotic/prebiotic,
and antibiotics [192,222]. In resource-poor settings, fecal contamination caused by poor
water, sanitation, and hygiene is widespread, and this has been shown to contribute
substantially to intestinal pathology which in turn reduces the immunogenicity of oral
rotavirus vaccine [191]. Additionally, the poor state of sanitation creates multiple chances
for interspecies transmission and reassortment events, which favors the emergence of
atypical or novel strains with potential for impaired vaccine efficacy. Generally, altered
gut microbiota composition has been shown to affects direct RV–microbiota interactions
leading to an inefficient vaccine virus strain replication in the intestinal tract and decreased
immunogenicity of oral live attenuated vaccines [192,223]. In resource-limited settings, the
alteration of gut microbiota or the use of antibiotics that perturbs the gut microbiota balance
have been reported in association with reduced immunogenicity of rotavirus and other
oral vaccines [224,225]. A study by Srivastava et al. [193] investigated the interrelationship
between the host microbiota, nutrition, and human RV vaccine by challenging the neonatal
gnotobiotic pig’s model that was fed with a protein-deficient or sufficient diet with oral
RV vaccine. In the former, alteration of gut microbiota composition was correlated with
the poor immune response to the vaccine whereas, in the latter, a high level of rotavirus
vaccine efficacy attributed to the intact gut microbial structure was observed.
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8.2. Nonvaccine Approaches
8.2.1. Good Hygiene

Although comparable incidences of rotavirus disease between the developed and
developing countries have shown that the disease cannot be exclusively controlled with
hygienic measures such as well personal, food, and environmental hygiene, a further
improvement may help in breaking transmission and severe episodes of diarrhea. In
ensuring hand hygiene, regular washing of hands with liquid soap and water and then
rubbing for at least 20 s should be practiced before handling food or eating and after using
the toilet. It is also recommended that food handlers should adopt all the food safety
procedures to minimize the chances of contamination [226].

8.2.2. Breastfeeding

The WHO guidelines of pediatric diarrhea management include continued breast-
feeding to reduce the length and severity of diarrhea. Breast milk contains bioactive
components such as antibodies, antioxidants, nutrients, and hormones, which protect a
child from specific pathogens or families of pathogens or confer mucosal immunity to the
infant [227]. Several studies have documented the protective role of breastfeeding against
childhood rotavirus infection or reduction in the diarrheic severity, while some others held
the opposite views. Studies by Shumetie et al. [228] and Krawczyk et al. [229] posited
that exclusive breastfeeding throughout the first 6 months of life significantly prevents
rotavirus diarrhea. According to Shumetie et al. [228], children not exclusively breastfed
were about 3-fold more likely to have RV diarrhea. Particularly, a significant reduction
in systemic manifestations of RV-antigenemia/RV-RNAemia rate had been observed in
breast-fed infants and children compared to the non-breastfed category [230]. These ob-
servations contradict previous studies, which indicated a lack of significant correlation
between rotavirus diarrhea and breastfeeding [231,232] or no protective effect on viral
diarrheal morbidity [159].

8.2.3. Probioses

Probiotics are a group of live microorganisms which, when sufficient amounts are
ingested, have the potential to confer a health benefit on the recipients [233]. The organisms
such as lactobacillus, Saccharomyces, Streptococcus, Bacillus, Bifidobacterium, and Entero-
coccus, which are commonly consumed through fermented food items such as milk, cheese,
yogurt, and cereal beverages, are noted for their ability to resist gastric acidity and bile juice
and to adhere to the epithelial lining of the gut [234]. Their beneficial role as alternatives for
treatment and/or alleviating the severity of gastroenteritis caused by rotavirus infections
has been attributed to the direct antimicrobial effects through the inhibition of colonization
and growth of pathogens, promotion of the damaged mucosal epithelial barrier function,
and modulation of both the innate and cell-mediated immunity [235].

The mechanism by which probiotic exerts anti-Rv is currently been investigated. Com-
petition for cellular receptor sites between probiotic bacteria and RV has been suggested
in association with the inhibitory effect of probiotics on RV pathogenesis [107]. In vitro
and in vivo studies have linked the anti-Rv activity of probiotics to the production of an-
timicrobial substances (bacteriocins, short-chain fatty acids, lactic acid, H2O2, nitric oxide,
etc.), induction of mucin secretion by mucosal epithelial cells as well as the activation of
local adaptive through specific IgA response and innate immune responses [107,236]. For
instance, a randomized clinical trial in India confirmed the beneficial roles of probiotics and
zinc supplementation on the immune response to RV vaccine among four groups of infants.
In the study, the first group received probiotics (Lactobacillus rhamnosus GG) and oral zinc
(5 mg daily), the second group received probiotics only with zinc placebo, the third group
received probiotic placebo with zinc only while the last group received probiotic placebo
and zinc placebo. All groups received the intervention a week before the commencement
of the Rotarix vaccine series which span for 6 weeks after the second dose [237]. Although,
neither zinc nor probiotic significantly increased the rate of RV IgA seroconversion, the
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probiotic administration impacted a certain degree of health benefits as a 7.5% increase in
RV-IgA seroconversion was observed in all infants who received probiotic against those
who did not (97.5% CI −1.4–16.2).

Probiotics comprising Lactobacillus and Bifidobacteria species cause the release of
signals that trigger the suppression of inflammatory cytokines production when recognized
by Toll-like receptors 2 (TLR-2) on dendritic cells. This further promotes a cascade of
a reaction involving activation of MAPK (mitogen-activated protein kinase) and NF-κB
(Nuclear factor Kappa light chain enhancer of activated cells) pathways, thereby reduc-
ing the permeability of tight junctions of intestinal epithelial [238]. The pili of bacterial
probiotics such as Lactobacillus rhamnosus interacts with the macrophages to upregulate
IL-10 production and concomitantly decrease that of IL-6 following their internalization by
macrophages [239].

Probiotics are generally believed to be safe as the microbial compositions are major
members of the normal microbiota in humans or animals [233]. Moreover, they only
transiently persist in the human intestine after oral administration [240]. Reports from
pooled efficacy studies have shown that probiotics safely exert a positive effect in reducing
the duration of acute pediatric diarrhea [240]. Though probiotics mechanism against RV is
not well defined yet, its safety is a feature that had recently attracted great interest from
pediatricians and food microbiologists in their potential use either alone or in combination
with the conventional treatment modalities for managing rotavirus diarrhea in infants [241].

8.2.4. Antiviral Drugs

There are currently no approved antiviral drugs for the treatment of rotavirus infec-
tions. Although, there have been a lot of studies demonstrating the anti-rotavirus activity
of some drugs. For example, gemcitabine, a potent anti-cancer drug, has been shown to in-
hibit rotavirus through the alteration of pyrimidine nucleotide biosynthesis pathway [242],
2′-C-methyl nucleosides inhibit the viral polymerase [243], racecadotril (an intestinal en-
cephalinase inhibitor) suppresses the secretion of water and electrolytes into the gut that
is activated after RV infection [244], and Nitazoxanide targets viral morphogenesis to
cause inhibition of viroplasm formation [245] (Table 4). Dycke et al. [244] investigated
antirotavirus activity of four 2′-C-methyl nucleosides comprising 2′-C-methylcytosine
(2CMC), 2′-C-methyladenosine (2CMA), 2′-C-methylguanosine (2CMG), and 7-deaza-2′-
C-methyladenosine (7DMA) using cell culture and animal mouse model. All the four
nucleosides completely inhibited rotavirus-induced cytopathogenic changes in vitro and
potently reduced viral replication in a mouse model. Chen et al. [246], in a similar cell
culture study, demonstrated the robust anti-RV activity of Ziyuglycoside II. In a mouse
model, Ziyuglycoside II substantially reduced the viral RNA copy in a dose- and time-
dependent manner. Furthermore, the inhibition of Toll-like receptor 4 (TLR4)/nuclear
factor kappa-B (NF-κB) signaling pathway was shown to be associated with improvement
of diarrheic symptoms and disease severity. Naturally, TLR4 is a pattern recognition re-
ceptor for lipopolysaccharide found in both the cell membrane and the cytoplasm. LPS
interaction with TLR4 triggers the activation of downstream NF-κB signaling pathways
to cause inflammatory response [247]. This activation was blocked in the presence of
Ziyuglycoside II.

Brequinar, an inhibitor of mitochondrial dihydroorotate dehydrogenase, has recently
been shown to exert a strong inhibition on RV replication through interference with the
pyrimidine biosynthesis pathway [248]. Brequinar produced rotavirus inhibitory ID50 dose
of 0.05 uM and a very high specificity index (>104) in a cell against an extract cytotoxic
CC50 dose of 1613 uM.

Resveratrol, a potent bioflavonoid compound and a major constituent component of
biological matter identified in plants and fruits, was recently shown to be a strong inhibitor
of viral protein expression and genomic RNA synthesis in vitro and in vivo through antag-
onism of downstream HSP90 expression needed for viral entry, morphogenesis, nuclear
import, transcriptional activation, and replication. In vivo studies in mice showed that
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anti-rotavirus activity of Resveratrol could further be attributed to its ability to inhibit
cellular MEK/ERK kinase signaling pathway, thereby blocking the virus from utilizing
host cell signaling cascades or molecules to their replication and survival advantage [249].
Resveratrol commonly found in grapes, nuts, white hellebore, berries, and red wine showed
to be a highly promising anti-rotavirus drug nevertheless, its safety profiles in clinical trials
need to be investigated. Few of the newly discovered potential anti-rotavirus drugs are
been tried in humans for their efficacy and safety. Racecadotril treatment of diarrheic
patients is beneficial in reducing the severity of acute diarrhea at 48 h post-treatment
without any associated adverse effects, although the drug did not significantly reduce
the proportion of diarrheic patients 5 days post-treatment [244]. Meta-analysis findings
from seven pooled clinical trials showed that racecadotril treatment effectively reduced the
duration of illness and stool output in children with acute diarrhea compared to the placebo
or absence of any intervention [250]. Nitazoxanide, an oral synthetic anti-parasitic agent,
was recently evaluated for its therapeutic efficacy and safety among diarrheic children
with acute rotavirus gastroenteritis from developing countries. The nitazoxanide syrup
doses of 100mg in 12–47 months and 200 mg in ≥4 yrs administered twice per day for
three consecutive days resulted in a significant decline in the median duration of diarrhea
episodes and hospitalization without any undesirable effects [251]. However, the treatment
does not produce a significant effect on the median duration of fever or vomiting, which
suggests the need for further improvement.

Table 4. Potential anti-rotavirus drugs.

Name Mechanism Reference

Gemcitabine Pyrimidine nucleotide inhibitor [242]

2′-C-methyl nucleosides Viral polymerase inhibitor [243]

Racecadotril Intestinal encephalinase inhibitor [244]

Nitazoxanide Inhibitor of viroplasm formation [245]

Resveratrol Inhibitor of viral protein synthesis [249]

Ziyuglycoside II Inhibitor of TLR4/NF-κB pathway [246]

Brequinar Pyrimidine biosynthesis inhibitor [248]

ML-60218 RNA polymerase III inhibitor [252]

Genipin Entry inhibitor [253]

Eichwald et al. [252] showed that a small molecule (ML-60218) regarded as an RNA
polymerase III inhibitor specifically disrupts the viroplasms assembly and the formation of
the VP6 structure of RV in a dose-dependent manner. In another study, genipin found in
the fruit (Gardenia jasminoides) was shown to inhibit both the early and late stages of RV
replication [253]. The additional findings of downregulated pro-inflammatory cytokines ex-
pression from the infected cell [253], suggest genipin could be a potential natural preventive
and therapeutic agent against RV infection and its complications.

Currently, the management of rotavirus patients relies on the use of oral rehydration
solution to replace the fluids and body electrolytes lost in stool and vomit [254]. This is
normally supplemented with zinc tablets to help restore the damaged mucosal epithelial
lining. The antibodies to rotavirus found in human or bovine colostrum and human serum
immunoglobulin are beneficial in reducing or preventing rotavirus diarrhea, though these
are yet to be adopted in routine practice [60]. As there is no proven therapeutic intervention
yet for the virus and severe diarrhea it causes, there is the need to give priority attention to
the development and improvement of the aforementioned potential anti-rotavirus drugs.
The realization of the objectives of potent anti-rotavirus and their combination with the
current vaccination efforts could synergistically reduce the global burden of the disease
and many needless deaths.
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9. Conclusions and Perspective

Rotavirus causes acute dehydrating diarrhea associated with high global mortality
in particular among under five-year children. The introduction and expanded use of the
two oral attenuated rotavirus vaccines have already contributed to reductions in rotavirus-
attributable child death and hospitalization. Although rotavirus vaccination is generally
acclaimed to be effective in reducing the global impact of diarrheal disease, its underperfor-
mance in low resource countries in Africa and Asia, where the mortality rate is highest and
opportunities for infection are wide-ranging, calls for an actionable intervention. To over-
come this challenge, a multifaceted approach is crucial that can address the various factors
that impact ORV performance between socioeconomic settings including the probable need
for next-generation vaccines by policy makers. Low vaccine coverage, vaccine-induced
selective pressure, rapid rate of viral evolution, and increased opportunities for interspecies
transmission can affect the success rate accrued to current vaccination strategies. Following
exposure, virus competition for interaction with the cellular receptor (entry-stage) or cellu-
lar machinery (after entry) needed for completion of all stages of the replication cycle is a
naturally occurring physiological process that cannot be changed by any simple approach.
Therefore, a multi-barrier measure to prevent rotavirus infection must be strengthened
through improvement in vaccination coverage, water and sanitation, and increased access
to and quality of medical care. Policies guiding the utilization of wild birds and animals
as a source of food need to be reviewed to reduce prospects for zoonotic transmission.
Continued surveillance is warranted to identify any potential changes in circulating RV
genotype and atypical strain that are not targeted by the current vaccine. The molecular
basis underlying the strong interaction of rotavirus with the host gastrointestinal tract relies
on the interplay between a variety of cellular and viral factors, some of which may be
potentially targeted by future vaccines or therapies.
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