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Disease Caused by Rotavirus Infection

Che-Liang Lin'¥, Shou-Chien Chen***, Shyun-Yeu Liu* and Kow-Tong Chen ">

!Internal Medicine Chest Division, Chi-Mei Medical Center, Liouying, Tainan, Taiwan

’Department of Family Medicine, Da-Chien General Hospital, Miaoli, Taiwan

3General Education Center, Ta Tung University, Taipei, Taiwan

*Chi-Mei Medical Center, Tainan, Taiwan

’Department of Occupational Medicine, Tainan Municipal Hospital, Tainan, Taiwan

Department of Public Health, College of Medicine, National Cheng Kung University, Tainan, Taiwan

Abstract: Although rotavirus vaccines are available, rotaviruses remain the major cause of childhood diarrheal disease
worldwide. The Rotarix (GlaxoSmithKline Biologicals Rixensart, Belgium) and RotaTeq (Merck and Co., Inc.
Whitehouse Station, New Jersey, USA) vaccines are effective for reducing the morbidity and mortality of rotavirus
infection. This article aims to assess the epidemiology of rotaviral gastroenteritis and the efficacy and effectiveness of
licensed rotavirus vaccines. This review concludes by presenting challenges in the field that require further exploration by
and perspectives from basic and translational research in the future.
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INTRODUCTION

Despite declining child mortality and morbidity resulting
from rotaviral gastroenteritis, rotavirus infection persists as
the most common cause of hospitalization and mortality in
children due to the severe diarrhea and dehydration that
result from infection [1]. Rotaviruses were first identified in
animals in the 1960s and then were subsequently discovered
in humans via electron microscopic examination of the
duodenums of children who had severe diarrhea [2].
Rotavirus is a member of the family Reoviridae and the
genus Rotavirus. By electron microscopy, the virus is
observed to have a 70 nm, non-enveloped, icosahedral
structure that surrounds a double-stranded RNA genome
(Fig. 1). The genomic RNA of rotavirus is enclosed in a
triple-layered capsid [1, 2]. The rotavirus genome is
composed of 11 RNA segments that encode for the VPI-
VP4, VP6, and VP7 structural and NSP1-NSP6 non-
structural viral proteins. The VP6 protein forms the middle
capsid layer and is responsible for the group-specific
antigenic  determinants. Serotypes of rotavirus are
determined by the VP7 and VP4 proteins, which are the
major outer capsid surface proteins and act as independent
neutralizing antigens. NSP4 is also antigenic and plays a role
as an enterotoxin that is capable of causing diarrhea.
Rotaviruses are categorized into different genotypes
according to the particular NSP4 proteins expressed [1].

*Address correspondence to this author at the Department of Occupational
Medicine, Tainan Municipal Hospital, Tainan, Taiwan. No. 670, Chongde
Road, East District, Tainan, Taiwan; Tel: +886-6-2609926;

Fax: +886-6-2606351; E-mails: kowton@ms81.hinet.net, ktchen@mail.ncku.edu.tw

$Contributed equally.

1874-3579/14

Fig. (1). Cartoon structure of rotavirus.

VP7 and VP4 are post-translationally modified; VP7 is
glycosylated, whereas VP4 protein is cleaved by a protease.
The G and P serotypes of rotavirus are determined by VP7
and VP4, respectively. P serotypes are difficult to define by
traditional methods wusing virus neutralization assays.
Instead, molecular methods have been used to determine the
genotype of those “P serotypes” based on sequence analysis
[3]. The genotypes are tentatively designated in brackets
(e.g., P1B [8]), as these genotypes are closely related to
known serotypes. The VP7 and VP4 proteins are the targets
for neutralizing antibodies, which might provide serotype-
specific and, in some instances, cross-reactive protection
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against acute gastroenteritis; therefore, they are main targets
for vaccine development [4].

Human rotaviruses are remarkably diverse. Thus far, at
least 42 different P-G serotype combinations have been
identified due to the independent assortment and segregation
of the G and P proteins, resulting in the production of
different strains [5]. Fortunately, only a small number of the
different rotavirus strains circulating worldwide are capable
of causing human illness.

This review aims to assess the global epidemiology of
rotavirus disease and to summarize the current status of
rotavirus vaccine use and effectiveness worldwide. This
study includes findings from the rotavirus literature collected
from January 2005 through May 2014. Previous work was
found using the search terms ‘epidemiology of rotavirus’ and
‘vaccines of rotavirus’ in MEDLINE and PubMed, resulting
in 283 and 368 reviews, respectively. Articles that were not
published in the English language, manuscripts without an
abstract, and opinion articles were excluded from the review.
After preliminary screening, a total of 121 articles were
considered to be relevant for inclusion in this review.

EPIDEMIOLOGY
Disease Burden

Rotavirus infection causes severe gastroenteritis in
infants and young children worldwide. Globally, there are at
least 600,000 children < 5 years old who die from diarrhea
with severe dehydration and electrolyte and acid-base
disturbances each year [6]. The majority of rotavirus-related
deaths (> 80%) are found in resource-limited countries, such
as those found in southern Asia and sub-Saharan Africa [6].
Most childhood rotavirus infections occur by 5 years of age
and are unrelated to community sanitary conditions, home
location of the infected children, or the greater
socioeconomic status of the affected countries [7]. Therefore,
the overall incidence of rotavirus infection would not change
even if improvements in water supplies, sanitation, personal
nutrition, housing, and public health education were made,
suggesting that viral transmission might occur via non-fecal
routes [8]. Vaccines are an effective and available measure
for combating rotavirus disease and for preventing rotavirus
infection [9].

Acute gastroenteritis is one of the leading causes of
childhood mortality worldwide and accounts for 15% of all
deaths in younger children [10]. Most of these deaths occur
in malnourished infants from countries of lower
socioeconomic status and from the disadvantaged rural
regions of Africa and Asia [10, 11].

Whereas the mortality from rotavirus in young children is
rare in industrialized countries with higher socioeconomic
status, rotavirus disease incidence is similar in countries
from both higher and lower socioeconomic levels [12].
Before the rotavirus vaccine was licensed, it had been
estimated that rotavirus infection and disease resulted in
220,000 hospitalizations, 1.8 million outpatient visits, and
more than 7.1 million children who had episodes of
rotavirus-related gastroenteritis annually in industrialized
countries [6, 12]. A previous study from the United States
showed that approximately 60 deaths, 410,000 outpatient
visits, 272,000 emergency department visits, and 70,000

The Open Virology Journal, 2014, Volume 8 15

hospitalizations were caused by rotavirus infection each year
during the 1990s and early 2000s [13], indicating that
approximately 1.2% - 1.5% of younger children in the
United States had been hospitalized for rotavirus disease
[14]. In Taiwan, using data from the National Health
Insurance Data Bank, at least 150,000 cases of rotavirus
gastroenteritis occurred each year between 2000 and 2005,
before the rotavirus vaccine was introduced [15-19]. Among
these, 106,000 were outpatient visits, 12,800 were
emergency department visits, 15,000 were hospitalizations,
and approximately 7 deaths were caused by rotavirus
infection during this study period [15-19].

The societal costs resulting from rotavirus infection have
been calculated for different countries. In the United States,
it was estimated that the annual societal cost from rotavirus
infection in 2004 was 900 million US dollars [13]; in Taiwan
in 2005, rotavirus-related costs were approximately 21.5
million US dollars [20]; in the European Union (EU) in
2002, the societal costs tallied almost 550 million euros
annually [21]; and, in developing countries in 2007, rotavirus
was estimated to cost 423 million US dollars [22]. According
to these data, rotavirus gastroenteritis requires a huge
expenditure of societal health care resources.

Global Surveillance of Rotavirus

As the promotion of rotavirus vaccination continues to
increase worldwide, it has become an important tool for
global rotavirus surveillance. The usefulness of rotavirus
surveillance stems from the monitoring of serotype
distribution across different regions and the prediction of
newly emergent rotavirus strains. Another role of the
rotavirus surveillance programs is to assess the impact of
vaccination on the reduction of rotavirus disease occurrence
and death as well as to identify causes of diarrheal disease
other than rotavirus. Starting from 2008, the World Health
Organization (WHO) has collected information on the
clinical characteristics and laboratory testing data of
rotavirus infection in younger children with acute diarrhea.
In 2013, the WHO assessed the surveillance network
performance and recommended that all WHO members
using the network should utilize the system as a bridge to
also perform surveillance for other vaccine-preventable
diseases [23, 24]. This protocol was first implemented in
Asia [25] and was then expanded to many countries and
regions, including Latin America, the Mediterranean region,
Europe, and Africa [24]. During 2011 and 2012, informative
data from 37 countries were collected by these global
systems [26]. The data collected from various regional
surveillance systems have been standardized, which has
increased its reliability and perceived validity. Moreover, the
sustainability of the rotavirus surveillance system has been
improved by the implementation of this model.

The information regarding circulating rotavirus strains
that has been collected as part of rotavirus surveillance also
provides a valuable resource for vaccine development, the
identification of novel viral strains and the evaluation of
vaccine effectiveness. Additionally, these data are useful to
monitor the circulating rotavirus strains after the
implementation of a vaccination program. (Fig. 2) Previous
studies show that the most prevalent, globally circulating
rotavirus strains of the VP7 serotypes are G1, G2, G3, G4,
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and G9; whereas, P[8], P[4] and P[6] and G1P[8], G2P[4],
G3P[8], G4P[8], and GIP[8] are the most (70-90%) common
circulating VP4 genotypes [27-31]. In contrast to previous
studies, the most common VP7 serotypes identified in
Taiwan are G1 (40%) followed by G3 (27%), G9 (18%), and
G2 (8%) [32-38].
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Fig. (2). Geographic distribution of rotavirus serotypes.

The highest diversity of rotavirus strains is found in the
regions of Africa and Asia. Possible reasons for this high
diversity include the prevalence of cases of mixed infections
with multiple rotavirus strains and/or housing in close
proximity to domestic animals from which the shedding of
virus occurs [29]. In addition to differences of geography,
dominant circulating strain genotypes can also differ
according to the season [39]. The new G9 and G12 rotavirus
strains have occurred and spread globally over the past few
years [40]. It is possible that in the same period, different
serotypes of rotavirus could circulate within the same area.
Persistent monitoring of circulating rotavirus strains is still a
critical tool for determining the molecular characteristics of

rotavirus disease and the effectiveness of rotavirus
vaccination.
ROTAVIRUS VACCINES

Bishop et al. first found that infants infected with
rotavirus would become immune to later rotavirus re-
infection [41]. According to their observations, children
infected with rotavirus were protected against rotavirus
gastroenteritis after re-infection [41]. Oral delivery of live
attenuated rotavirus has been the predominant guiding
concept for the development of a rotavirus vaccine. Using
the "Jennerian" concept, experts have considered that
immunization with animal rotaviruses will result in naturally
attenuated strains in humans [42]. Attenuated human
rotaviruses have also recently been generated by passage in
cell culture and have been used in experimental studies [43].
Furthermore, rotaviruses isolated from asymptomatic infants
might be naturally less virulent and may make good
candidates for the development of an oral vaccine [44].

Monovalent Animal Strain Vaccines

Both rotaviruses strains RIT4237 (P6[1] G6) and Wistar
Calf 3 (WC3, serotype P7[5]G6) are of bovine origin. The
RIT4237 bovine strain was obtained from a calf and
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attenuated by passage in cell culture. MMU18006
(P5B[3]G3) is a bovine-simian (rhesus) reassortant rotavirus
vaccine (RRV) strain [45-49]. The efficacy of the vaccines
derived from these strains has been studied. Initially, the
efficacy trials in Finland showed satisfactory results;
however, the follow-up studies were disappointing due to the
lack of protection observed against rotaviral gastroenteritis
[47, 48].

The WC3 bovine strain was discovered in 1981 when it
was obtained from a calf. Field trials revealed that vaccines
generated from this strain had variable efficacy and finally
yielded particularly disappointing results for protection
against rotavirus infection [45, 46]

Between 2000 and 2001, China introduced the Lanzhou
lamb rotavirus vaccine (LLR) as a childhood vaccine for
protection against rotaviral diarrheal disease [S0]. The LLR
vaccine is a monovalent (P[12]G10) live attenuated oral
vaccine. This vaccine strain was derived from a lamb rotavirus
and was developed and produced by the Lanzhou Institute of
Biological Products. The LLR efficacy trial was conducted in
the Guangzhou province. In this case controlled study, 838
hospitalized children with rotavirus infections, aged 2 months to
5 years, were enrolled as cases, and 838 healthy children were
enrolled as controls [50]. The study showed that the efficacy
against hospitalization due to rotaviral gastroenteritis after
receiving one dose of LLR was 73% (95% CI: 61-82%).
Immunological studies have shown that the neutralizing
antibody activity specific for all G serotypes among children
aged 6-24 months was 40% and 70%, before and after
vaccination, respectively [51]. However, the actual efficacy of
the wvaccine remains undetermined because a strictly
randomized, placebo-controlled phase III clinical trial to test the
LLR was never performed [50]. According to the reported trials,
the majority of children were vaccinated at an older age than
would be typical for initial infection and acute rotavirus
gastroenteritis. It was not determined whether the children who
had been previously vaccinated had previously been exposed to
rotavirus, in which case the LLR could have improved the status
of the pre-existing antibody response [51]. In China, children
aged 2 to 36 months are vaccinated with this formulation and
receive yearly boosters [S1]. It is estimated that 10,000,000
doses of LLR were administered in China from 2001 to 2008
[51]; however, the vaccine has not been recommended for use
in national immunization programs in China or elsewhere until
now.

Quadrivalent Human-Rhesus Reassortant Vaccine

RotaShield was the first multivalent live oral reassortant
vaccine. It belongs to a group that includes the rhesus
rotavirus tetravalent [RRV-TV] vaccine. This tetravalent
vaccine is a combination of the G1 to G4 virus strains. It
includes three rhesus-human reassortant strains, including
human serotype strains (G1, G2, and G4) and the rhesus
RRV serotype (G3) [52]. The primary efficacy study
demonstrated that the vaccine-conferred protection against
all cases of rotavirus-related gastroenteritis was 57-76%, and
protection against severe rotavirus disease was 82-96% [53].
An adverse reaction of fever was observed after the first
vaccination with Rotashield; however, no other important
side effects have been found to occur as a result of
Rotashield vaccination at the time of licensing [54].
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This vaccine was approved by the U.S. FDA in 1998;
however, it was suspended from use and withdrawn from the
market in 1999 due to the risk of intussusception.
Investigations indicated that the use of this vaccine had a
significant association with a higher risk of intussusception
[55], which was quantified at an incidence of 1 per 10,000
individuals vaccinated. Most cases occurred within 3-14
days following the first dose, with the children who received
their first dose after 3 months of age showing the highest risk
[56]. The cause of this association remains unclear; however,
these adverse effects have shown that large field trials should
be conducted for future rotavirus vaccine candidates. The
safety criteria for rotavirus vaccines are required to be less
than a 1 in 10,000 risk of intussusception in large field trials
[39]. As further precaution, strict vaccination programs have
been established in which the first vaccine dose is
administered at an age of 6-14 weeks and no ‘catch-up’
schedules are allowed. Post-marketing surveillance for
intussusception has been established in several countries
[57].

Human-Bovine Rotavirus Reassortant Vaccine

The RotaTeq vaccine contains 4 human and 1 bovine live
reassortant rotaviruses, including the G1-G4 common VP7
types from a human rotavirus parent strain and the P7[5]
attachment protein from the WC3 bovine rotavirus parent
strain [41, 42]. The fifth reassortant virus expresses the
attachment protein (P1A[8]) from the human rotavirus parent
strain and the G6 outer capsid protein from the bovine
rotavirus parent strain [35, 58]. RotaTeq is an oral vaccine
that is administered at 1- to 2-month intervals beginning at 6
to 12 weeks of age and given in three doses [58, 59].

The efficacy of RotaTeg against all diarrheal diseases
and severe gastroenteritis was 74% and 98% in a large
efficacy trial, respectively [60]. In addition, a large safety
trial has been conducted with more than 70,000 infants, and
various subgroups were analyzed [58, 61]. RotaTeq has
demonstrated efficacy against each of the common
circulating rotavirus serotypes. It also has been found that
RotaTeq has high efficacy for protecting against the risk for
rotavirus infection-related hospitalization and emergency
department and physician visits. Compared with the risk of
intussusception following treatment with a placebo, no
evidence of an increased risk of intussusception following
vaccination has been found. Additionally, efficacy and safety
trials have been conducted in developing countries. These
studies showed that the vaccine reduces the healthcare
resource utilization attributable to rotavirus diarrhea in
infants, but there was no evidence of an increased risk of
intussusception or other serious adverse events [62].
Moreover, no associations have been found between
intussusception or Kawasaki disease and the safety of
RotaTeq, as reported by the post-marketing surveillance data
in the United States [63]. The effectiveness of the RotaTeq
vaccine against rotavirus gastroenteritis-related (RGE)
hospitalizations and deaths was tested in Asian countries by
Khoury et al. using a simple mathematical model [64]. Their
study showed that the overall effectiveness against RGE-
related hospitalizations and the substantial reduction in
RGE-related deaths was 82% to 89% in the region.
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This vaccine has been licensed in the United States, and
in 2006, the vaccine was recommended by the Advisory
Committee on Immunization Practices (ACIP) for inclusion
in the routine infant immunization schedule [65].

Monovalent Human G1 Rotavirus Vaccine

Another live-attenuated human rotavirus vaccine (strain
89-12) was developed by tissue culture passage of a wild-
type human rotavirus isolate [66]. This vaccine used the P1A
[8] Gl strain as a parent strain. The P1A [8] GI strain
contains the most common of the human rotavirus VP7 and
VP4 antigens. Originally, Avant Immunotherapeutics used
and modified this vaccine. Then, GlaxoSmithKline
Biologicals further modified it by cloning and tissue culture
passaging of the parent 89-12 vaccine strain. Finally, this
vaccine was licensed by GlaxoSmithKline Biologicals [67].
The vaccine is known as RIX4414 (Rotarix). The efficacy
trials conducted in the United States and Finland showed that
Rotarix had high efficacy [67]. In addition, this vaccine was
tested in Latin American countries. Overall, the efficacy of
Rotarix against severe rotavirus disease was 86% [68]. Other
clinical trials involving 63,000 children have been
conducted. These studies showed that the Rotarix efficacy
against hospitalization was 85%, and the efficacy against
non-G1 serotypes was 75% [68]. Another study involving
more than 15,000 healthy infants, aged 6-13 weeks and
living in Latin American countries, was performed to
establish the efficacy and safety of Rotarix. This study
showed that the efficacy of the vaccine against the G1 wild-
type was 81% to 82%, against the pooled non-G1 strains was
78%, against the pooled non-G1P[8] strain was 81%, against
hospitalization with severe diarrhea was 83%, and against
hospitalization with any cause of diarrhea was 39% [69]. No
evidence of increasing adverse events or risk of
intussusception were observed in individuals after receiving
the vaccine [69]. This vaccine was first licensed in Mexico
and the Dominican Republic in 2004, and it was approved by
the United States in 2008. ACIP immediately recommended
it for inclusion in the routine immunization schedule for
infants [65]. In recent years, Rotarix has been introduced in
more than 90 countries worldwide.

Indian Neonatal Strain Vaccines

In India, candidate rotavirus vaccines are being
developed using two strains (116E strain and 1321 strain)
isolated from newborns. The 116E strain is a P8[121] G9
natural reassortant between a human parent strain and a VP4
gene of bovine origin. This strain was isolated in 1985 from
an outbreak of asymptomatic rotavirus infections in New
Delhi [70]. The sequence of the VP4 gene is homologous to
that of P[11], a genotype commonly found in cattle. In
addition, the 1321 strain was identified from an outbreak of a
nosocomial infection at a maternity center in Bangalore and
was identified to be a bovine-human reassortant strain [71].
The genome of the 1321 strain is different from the genome
of the 116E strain. The 1321 strain includes nine bovine gene
segments. Among them, only gene segments five and seven,
which encoded nonstructural proteins 1 and 3, are of human
origin. A new strain with the identical G and P segments as
the 1321 strain has emerged in Vellore, India [72] as a cause
of gastroenteritis in children.
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Recently published results from a phase 3 clinical trial of
an oral, attenuated rotavirus vaccine (ROTAVAC, Bharat
Biotech International, Limited, of India), manufactured in
India and based on the natural human-bovine reassortant
strain G10P [73], which causes asymptomatic infection in
neonates, demonstrated that the vaccine effectiveness for
protection from severe rotavirus gastroenteritis in the first
year of children’s lives was 56% [74]. Several live oral
rotavirus vaccines are in development in India. The results
from the Indian multicenter trial showed that this vaccine
efficacy was comparable to that of the 2 internationally
licensed rotavirus vaccines in low-income settings, and
alternate dosing schedules, including neonatal dosing
schedules, are being evaluated as well [75].

CONCLUSION

The disease burden of rotavirus is substantial, and the
economic burden from infection in infants and children is a
threat worldwide. Rotavirus vaccination is a cost-effective
measure to prevent rotavirus infection. The monovalent
rotavirus vaccine (a GI1P[8] human rotavirus strain) and the
pentavalent vaccine exert similar degrees of effectiveness for
protecting against infection with homotypic and heterotypic
rotavirus strains [76]. There are no specific, persistent strains
circulating in the world at this time, suggesting that vaccine-
induced selective pressure did not occur. Expanding
rotavirus surveillance networks to industrialized and
developing countries as well as implementing persistent
rotavirus surveillance are important for identifying newly
emergent rotavirus strains and for evaluating the
effectiveness of strain-specific vaccine responses in different
countries.
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