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Preface

This module is part of the series The Immunological Basis for Immunization,
which was initially developed in 1993 as a set of eight modules focusing on the vaccines
included in the Expanded Programme on Immunization (EPI)1. In addition to a general
immunology module, each of the seven other modules covered one of the vaccines
recommended as part of the EPI programme — diphtheria, measles, pertussis, polio,
tetanus, tuberculosis and yellow fever. The modules have become some of the most
widely used documents in the field of immunization.
With the development of the Global Immunization Vision and Strategy (GIVS)
(2005–2015) (http://www.who.int/vaccines-documents/DocsPDF05/GIVS_Final_
EN.pdf) and the expansion of immunization programmes in general, as well as the
large accumulation of new knowledge since 1993, the decision was taken to update
and extend this series.
The main purpose of the modules — which are published as separate disease/vaccinespecific modules — is to give immunization managers and vaccination professionals
a brief and easily-understood overview of the scientific basis of vaccination, and also
of the immunological basis for the World Health Organization (WHO) recommendations
on vaccine use that, since 1998, have been published in the Vaccine Position Papers
(http://www.who.int/immunization/documents/positionpapers_intro/en/index.html).
WHO would like to thank all the people who were involved in the development of
the initial Immunological Basis for Immunization series, as well as those involved in
its updating, and the development of new modules.

1

This programme was established in 1974 with the main aim of providing immunization for children
in developing countries.
vii
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1. Introduction

Rotaviruses are recognized as the single most important cause of severe infantile
gastroenteritis worldwide and are estimated to be responsible for nearly 527 000 deaths
annually (de Zoysa & Feachem, 1985; Institute of Medicine, 1986; Parashar et al.,
2006; Estes & Kapikian, 2007; Parashar UD et al., 2009). For these reasons, they have
received a high priority as a target for vaccine development (Institute of Medicine,
1986; Research priorities for diarrhoeal diseases vaccines, 1991). Rotavirus transmission
occurs by the faecal–oral route which provides a highly efficient mechanism for
universal exposure. Almost every child in both developed and developing countries
experiences at least one rotavirus infection by the time they reach five years of age
(Parashar et al., 2006). The symptoms typically associated with rotavirus disease
are diarrhoea and vomiting accompanied by fever, nausea, anorexia, cramping and
malaise, that can be mild and of short duration, or produce severe dehydration
(Rodriguez et al., 1977; Pitson et al., 1986; Steele et al., 1988; Staat et al., 2002).
Severe disease occurs primarily in young children, and most commonly between 6 and
24 months of age.
Rotavirus infection normally provides short-term protection and immunity against
severe subsequent illness but does not provide lifelong immunity; moreover, numerous
cases of sequential illness have been reported (Mata et al., 1980; Bishop et al., 1983;
Chiba et al., 1986; Friedman et al., 1988; Reves et al., 1989; Clemens et al., 1992;
Velazquez et al., 2000). Neonates can also experience rotavirus infections, and these
occur endemically in some settings, but are typically asymptomatic (Bishop et al.,
1983; Perez-Schael et al., 1984; Haffejee, 1991a; Bhan et al., 1993; Aijaz et al., 1996).
These neonatal infections have been reported to reduce the morbidity associated
with a subsequent rotavirus infection. Rotavirus illnesses also occur in adults
(Hrdy, 1987; del Refugio Gonzalez-Losa et al., 2001; Rubilar-Abreu et al., 2005),
and the elderly (Cubitt & Holzel, 1980; Steel et al., 1992; Marshall et al., 2003),
but, as with other sequential rotavirus infections, the symptoms are usually mild.
Recently, however, there have been a series of reports of a unique association
between severe gastrointestinal disease in adults and serotype G2P[4] rotaviruses
(Timenetsky et al., 1996; Cascio et al., 2001; Nakajima et al., 2001; Griffin et al., 2002;
Yan et al., 2005; Iijima et al., 2006), the properties of which will be described later in
this report.
Due to the frequent occurrence of rotavirus infections and the reduced severity of
illness typically associated with sequential infections, a realistic goal for a rotavirus
vaccine may be to protect against severe disease. Several live, orally-deliverable vaccine
candidates have been developed and evaluated in infants, with promising results.
The purpose of this report is to provide an understanding of the rationale behind today’s
rotavirus vaccines, their mechanisms of protection, and the expectations regarding
their effects on human health as well as the potential need for alternative or improved
candidate vaccines.
1

2. Rotavirus particles,
their RNA genomes and
encoded proteins
A computer-generated image of the rotavirus particle obtained by cryo-electron
microscopy (Figure 1) showed that it is ca. 100 nm in diameter and has a capsid composed
of three concentric protein layers (Shaw et al., 1993; Prasad & Chiu, 1994). The outer
layer contains the VP7 glycoprotein (780 molecules/virion) and 60 trimers of the
VP4 protein, the latter of which forms spike-like projections that extend through and
11–12 nm beyond the VP7 layer (Prasad et al., 1990; Shaw et al., 1993; Prasad & Chiu,
1994; Yeager et al., 1994; Yoder & Dormitzer; 2006). The VP4 protein is anchored to
the intermediate layer of the particle composed of 780 molecules of the VP6 protein.
The innermost layer contains 120 molecules of the VP2 protein that interact with 12
molecules each of the viral transcriptase (VP1) and guanylyltransferase (VP3) along with
the 11 segments of the double-stranded ribonucleic acid (RNA) genome. These genome
segments encode the six structural proteins and six nonstructural proteins designated
NSP1–NSP6. Each segment, except segment 11 which is bicistronic (Mattion et al.,
1991), encodes one known rotavirus protein whose functions are now at least partially
understood (Mansell & Patton, 1990; Pizarro et al., 1991; Valenzuela et al., 1991; Liu
et al., 1992; Patton, 1994; Fabbretti et al., 1999; Vende et al., 2000; Barro & Patton,
2005; Campagna et al., 2005). The genome segments range in size from approximately
660 to 3300 base pairs, and their encoded proteins, whose known functions are briefly
described in Table 1, have molecular weights of approximately 12 000 to 125 000
kilodaltons (kDa).
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Figure 1: Computergenerated image of the tripleshelled rotavirus particle
obtained by cryo-electron microscopy.

VP4
VP6
VP7
VP2

The cutaway diagram shows the outer capsid composed of VP4 spikes and VP7 shell, intermediate VP6
shell, and inner VP2 shell surrounding the core containing the 11 doublestranded RNA segments and
VP1 and VP3 proteins. (Permission of Dr BVV Prasad, Baylor College of Medicine, Houston, TX.)
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Table 1: Sizes of rotavirus gene segments and properties of encoded proteins
RNA
segment

a

No. of base pairs

Encoded protein

Molecular weight of
protein (x 104)a

1

3300

VP1

12.5

Inner core protein
RNA binding
RNA transcriptase

2

2700

VP2

9.4

Inner capsid protein
RNA binding

3

2600

VP3

8.8

Inner core protein
Guanylyltransferase
Methyltransferase

4

2360

VP4

8.7

Outer capsid protein
Haemagglutinin
Neutralization protein
Receptor binding
Fusogenic protein

5

1600

NSP1

5.9

Nonstructural protein
RNA binding
IRF regulatory protein

6

1360

VP6

4.5

Intermediate capsid
Group and subgroup antigen

7

1100

NSP3

3.5

Nonstructural protein
RNA binding
Translational control

8

1060

NSP2

3.7

Nonstructural protein
RNA and NSP5 binding
Virosome formation

9

1060

VP7

3.7

Outer capsid glycoprotein
Neutralization protein

10

750

NSP4

2.0

Nonstructural glycoprotein
Transmembrane protein
Enterotoxin

11

660

NSP5

2.2

Nonstructural protein
Phosphorylated
NSP2 and NSP6 binding

NSP6

1.2

Nonstructural protein
NSP5 binding

Properties of protein

Note that the molecular weights of these proteins were derived for the simian SA11 strain of
rotavirus and will vary between rotavirus strains. Also the coding assignments for segments 7–9
will vary between rotavirus strains.

Source: Estes & Kapikian, 2007.
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The double stranded RNA genome segments of rotavirus can be extracted from
viral particles and separated by polyacrylamide gel electrophoresis into 11 distinct
bands visualized by ethidium bromide or silver staining (Figure 2). Each rotavirus
strain has a characteristic RNA profile or electropherotype, a property that has been
used extensively in epidemiologic studies of these viruses. The characteristic RNA
electrophoretic pattern of group A rotaviruses, the main group responsible for human
rotavirus disease, consists of four size classes containing segments 1 to 4, 5 and 6, 7
to 9, and 10 and 11. RNA segments of strains belonging to less well characterized
rotavirus groups (i.e. groups B to G) can also be separated into four size classes,
but the distribution of segments within these classes differs from group to group (Pedley
et al., 1986; Bridger, 1987; Saif & Jiang, 1994).
Figure 2: Polyacrylamide gel electrophoretic patterns of genomic RNAs
obtained from group A human rotaviruses and visualized by silver staining.

1
2, 3
4

5
6

7
8
9

10
11
The patterns demonstrate the characteristic four size classes of RNA separated into groups of 4, 2, 3,
and 2 segments each. Human rotavirus strains included (from left to right): lane 1, Wa; lane 2, 248 strain;
lane 3, 456 strain; lane 4, DS1; lane 5, Wa.
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3. Replication

Rotaviruses are activated by cleavage of the outer capsid VP4 protein by trypsin-like
proteases into proteins VP5 and VP8 (Fukudome et al., 1989; Mendez et al., 1999;
Guerrero et al., 2000b; Hewish et al., 2000; Zarate et al., 2000a) which remain virus
associated (Espejo et al., 1981; Lopez et al., 1985; Arias et al., 1996). After attachment
to receptors on the cytoplasmic membrane, initially through association with the
VP8 protein and subsequently through VP5 and VP7 (Ruggeri & Greenberg, 1991;
Ludert et al., 1996; Coulson et al., 1997; Ciarlet & Estes, 1999; Mendez et al., 1999;
Guerrero et al., 2000a; Guerrero et al., 2000b; Hewish et al., 2000; Zarate et al.,
2000a; Zarate et al., 2000b; Graham et al., 2003; Zarate et al., 2003), the activated
virion either passes directly through this membrane or is taken within a vesicle
into the cytoplasm (Suzuki et al., 1985; Kaljot et al., 1988; Liprandi et al., 1997;
Estes & Kapikian, 2007). Either during membrane penetration (Suzuki et al., 1986;
Cuadras et al., 1997) or soon thereafter, the outer capsid proteins are removed, thus stimulating
the RNA-dependent RNA polymerase (i.e. the VP1 transcriptase) associated with the inner
shell to synthesize the 11 viral mRNAs that are capped by VP3, extruded from the virus cores
through channels in the VP2 and VP6 protein layers at the 12 vertices of the viral particles,
and subsequently translated into viral proteins (Pizarro et al., 1991; Patton, 1994;
Lawton et al., 1997; Patton & Spencer, 2000; Vende et al., 2000).
Once viral proteins accumulate within the cytoplasm, large inclusions, or viroplasms,
are formed in which the assembly of virion precursors is initiated (Fabbretti et al., 1999).
Particle assembly may be initiated by the formation of complexes within the viroplasm
that contain plus-strand RNAs from the 11 genome segments, along with VP1 and VP3
and RNA-binding non-structural proteins NSP2, NSP5, and NSP6 (Patton et al., 2003;
Taraporewala & Patton, 2004). Although the mechanism is unknown, the virus faithfully
assembles and packages one of each of the plus-strand RNAs within individual precursor
viral complexes. These complexes eventually lose their non-structural proteins, evolve into
double-layered viral particles, with the sequential addition of VP2 and VP6, and convert
their single-stranded RNAs into double-stranded genome segments (Chen & Patton,
1998; Gallegos & Patton, 1989; Mansell & Patton, 1990; Patton et al., 1997; Patton et
al., 1999). The double-layered particles then bud into the rough endoplasmic reticulum
(ER) after their transient association with the NSP4 transmembrane glycoprotein
(Chan et al., 1988; Meyer et al., 1989; Poruchynsky & Atkinson, 1991; Taylor et al., 1996;
O’Brien et al., 2000). VP4 is either added prior to entry into the ER or soon thereafter.
The other rotavirus glycoprotein, VP7, which becomes sequestered within the rough
ER, is then added to complete the formation of mature viral particles (Poruchynsky
et al., 1985; Stirazaker & Both, 1989; Maass & Atkinson, 1994; Clarke et al., 1995).
These mature viruses accumulate within the lumen of the rough ER until cell lysis occurs,
either as a result of accidental cell death (oncosis) (Perez et al., 1998), or programmed
cell death (apoptosis) (Superti et al., 1996). Under optimal conditions in cell culture,
maximum production of infectious rotaviruses is detected approximately 12 hours after
infection is initiated (Clark et al., 1979).

6

The Immunological basis for immunization series - Module 21: Rotavirus

4. Classification methods
for rotaviruses
4.1

Rotavirus groups

Rotaviruses share a group antigen (Estes & Kapikian, 2007), the highly conserved
VP6 protein, that comprises the intermediate capsid layer. In 1980, particles that
were indistinguishable morphologically from established rotavirus strains, but lacked
the common group antigen, were discovered in pigs (Bridger, 1980; Saif et al., 1980).
This led subsequently to the identification of rotaviruses belonging to six additional
groups (B to G) based on a common group antigen, with the original rotavirus strains
classified as group A. Only groups A to C have been associated with human diseases,
the vast majority of which have been caused by group A strains. However, group B
rotaviruses have been associated with large outbreaks in the People’s Republic of China,
particularly in adults (Hung, 1988), and numerous smaller outbreaks of disease due to
group C rotaviruses have been reported throughout the world and particularly in Japan
(Matsumoto et al., 1989; Kuzuya et al., 1998) which suggests that non group-A strains
could become major pathogens in the future. This suggestion is supported by numerous
seroepidemiology studies showing high prevalence of group C rotavirus antibody in
different countries.

4.2

Electropherotypes and reassortment of RNA genome segments

During the rotavirus replication cycle, newly-formed plus-strand viral RNAs destined
to be packaged within viral particles can freely associate prior to incorporation into
replication intermediates in the first stages of virus assembly (Ramig & Ward, 1991).
From these genomic precursors the appropriate number and combination of segments for
assembly of progeny viruses are selected. Coinfection of cells with more than one virus
permits reassortment of plus-strand RNAs from both parents. If coinfection is between
different strains of virus, reassortment of mRNAs results in progeny that are genetic
mosaics of the coinfecting strains. These new strains, or reassortants, are identified by
their specific array of genome segments, usually through their electrophoretic mobilities
during polyacrylamide gel electrophoresis (i.e. electropherotypes). Reassortant formation
is partially responsible for the variety of rotavirus strains found in nature and has been
used to create several of today’s vaccine candidates (Midthun et al., 1985; Midthun et al.,
1986; Clark et al., 1996; Clark et al., 2006; Vesikari et al., 2006a).

7

4.3

Genogroups

Reassortant formation between rotavirus strains is not a universal phenomenon;
in fact there are severe limitations within strain combinations that are capable of forming
stable reassortants, limitations that appear to be directly related to the degree of genetic
variation between strains (Ward & Knowlton, 1989). One outcome of restricted reassortant
formation between rotavirus strains is the concept of genetic families or genogroups
(Nakagomi & Nakagomi, 1993). A genogroup is composed of rotavirus strains whose
gene segments form interstrain RNARNA hybrids of sufficient stability to migrate as
defined bands during polyacrylamide gel electrophoresis. Thus, members of a genogroup
share a high degree of genetic relatedness and have significantly less genetic homology
with members of other genogroups. As rotavirus genogroups appear to be speciesspecific
(Nakagomi & Nakagomi, 1991a; Nakagomi & Nakagomi, 1993), interspecies transmission
of rotaviruses should be detectable by genogroup analyses. Three genogroups of human
rotavirus have been designated (Wa, DS-1 and Au-1), but almost all human rotaviruses
belong to either the Wa or DS1 genogroup (Ward et al., 1990b; Nakagomi & Nakagomi,
1991b), a designation developed from these prototype strains. The concept of genogroup
has been used extensively to determine the origin of rotaviruses causing human infections
and disease, and particularly to detect viruses or reassortants with gene segments of animal
origin.

4.4

Serotypes

Both outer capsid proteins of rotavirus, VP4 and VP7, contain neutralization epitopes,
and both are thereby involved in determination of serotype (Kalica et al., 1981;
Greenberg et al., 1983; Hoshino et al., 1985; Offit, 1994). Serotyping was originally
based solely on differences in the VP7 protein because animals hyperimmunized with
rotaviruses develop most neutralizing antibody to this protein. Cross-neutralization
studies conducted with these hyperimmune sera readily separated the strains into
VP7 serotypes (Wyatt et al., 1982; Hoshino et al., 1984). Later, when researchers found
that VP4 could, in some cases, be the dominant neutralization protein (Ward et al.,
1988; Clark et al., 1990b; Perez-Schael et al., 1990a; Ward et al., 1993), a dual serotyping
scheme was required. Rotavirus classification based on VP4 and VP7 designates P type
and G type was used to describe the protease sensitivity and glycosylated structure
of these two proteins, respectively (Estes & Cohen, 1989). Although VP7 serotypes
could be determined readily by cross-neutralization studies, serotype determination
was more difficult to make for VP4 (Mackow et al., 1988; Taniguchi et al., 1988;
Gorziglia et al., 1990; Snodgrass et al., 1992). For this reason, two numeric systems were
devised to classify the VP4 protein in rotavirus strains. One is based on comparative
nucleic hybridization and sequence analyses (genotypes) (Estes & Cohen, 1989;
Gentsch et al., 1992; Gouvea et al., 1994), and the second is based on neutralization
(serotypes) with use of antisera against baculovirus-expressed VP4 proteins
(Gorziglia et al., 1990) or reassortants with specific VP4 genes (Snodgrass et al., 1992).
The P serotype is usually indicated by an open number while the P genotype is described
with a bracketed number. For example, the most common P type worldwide belongs
to serotype P1A and genotype 8, thus designated P1A[8].
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Fifteen G types (Estes & Cohen, 1989; Hoshino et al., 2002) and 26 P types
(Gentsch et al., 1996; Rao et al., 2000; Hoshino et al., 2002; Liprandi et al., 2003;
McNeal et al., 2005; Rahman et al., 2005) have been identified. Human rotaviruses
belonging to 11 G serotypes have been isolated (Gerna et al., 1994; Gurgel et al.,
2008), but most have been identified as G1, G2, G3 or G4, and strains belonging to
these G types have been commonly designated serotype 1, 2, 3, or 4, respectively
(Estes & Kapikian, 2007). The severity of illness caused by viruses belonging to these
four serotypes has varied little (Barnes et al., 1992; Bern et al., 1992; Velazquez et
al., 1993). Similarly, 9 P serotypes and 10 P genotypes have been found in humans,
but almost all illnesses have been associated with P genotypes 4, 6 and 8 (Gentsch et
al., 2005; Estes & Kapikian, 2007; Gurgel et al., 2008). However, other G and P types
have been frequently isolated in some locations; serotype G9 strains particularly have
been found worldwide, and sometimes representing a large proportion of the isolates
(Timenetsky et al., 1994; Steele et al., 1995; Gentsch et al., 1996; Santos et al., 1998;
Cubitt et al., 2000; Cunliffe et al., 2000).
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5. Rotavirus epidemiology

5.1

Age-dependent susceptibility to rotavirus disease

Although rotavirus infection of previously-uninfected animals or humans is not
age-restricted, there are strict age restrictions in all species associated with rotavirus
disease. All animal species, even non-human primates (McNeal et al., 2005), are susceptible
to rotavirus diarrhoea for a short time after birth. By contrast, severe rotavirus disease
in humans is most common between 6 and 24 months of age (Figure 3), although milder
rotavirus illnesses occur throughout our lifetimes. The favoured explanation for the
resistance of young infants to severe rotavirus disease is the presence of circulating
transplacental neutralizing maternal antibody, and the onset of rotavirus disease in
infants has been reported to coincide with the decline of maternal antibody titres
(Zheng et al., 1989). Reduced severity of rotavirus disease in older children and adults is
probably due primarily to immune responses stimulated by previous rotavirus infections.
Protection against rotavirus infection and disease in previously-infected children and
adults has been correlated with titres of circulating and intestinal rotavirus antibodies
(Chiba et al., 1986; Ward et al., 1989; Bernstein et al., 1990; Clemens et al., 1992;
Coulson et al., 1992; Matson et al., 1993; Velazquez et al., 1996; Velazquez et al., 2000).
It remains to be determined however whether these antibodies are responsible for
protection.
Figure 3: Agerelated incidence of clinically significant rotavirus episodes in the
Matlab region of Bangladesh for residents under surveillance in 1985 and 1986.
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(Source: Ward RL et al. Journal of Clinical Microbiology, 1991, 29:1915–1923).
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5.2

Cross-species rotavirus transmission

Rotaviruses have an extremely wide host range, but natural crossspecies infections
may be rare, particularly those between animals and humans. However, a number of
human isolates appear to be animal strains or animal–human rotavirus reassortants,
as determined by genogroup and sequence analyses. Although the importance of these
strains in human disease may be limited, once they become adapted to replication
in humans, such strains may become important human pathogens (Nakagomi &
Nakagomi, 1993; Gentsch et al., 2005).

5.3

Rotavirus seasonality and sources of epidemic strains

As with other respiratory and enteric viruses, rotavirus disease is associated with distinct
seasonality. This is particularly evident in temperate climates where rotaviruses are
probably responsible for the large increase in diarrhoeal deaths found during the winter
season. The seasonality of rotavirus disease is less apparent in tropical climates, but it is
still more prevalent in the drier, cooler months (Haffejee, 1995). The cause of seasonality
of rotavirus disease is a topic of considerable interest but it still remains unknown.
Because rotavirus illnesses decrease to almost undetectable levels during the offseason,
the virus must be retained in a less active state during the majority of the year. It is
unlikely that human rotavirus is retained in animal reservoirs between seasons because
of their low interspecies transmissibility. The virus may thus continue to replicate at low
levels in humans until conditions are favourable for the annual epidemic. The occasional
rotavirus illnesses that occur in the offseason support the suggestion that humans are a
reservoir. It is also possible that the virus survives in the environment which provides
continuous exposure throughout the year, but results in sustained rotavirus illnesses
only during seasonal epidemics. Rotaviruses are shed in extremely high concentrations
(Ward et al., 1984), retain their infectivity for many months at ambient temperatures
(Estes et al., 1979; Keswick et al., 1983), and are readily detectable on environmental
surfaces (Butz et al., 1993). The environment could thus be a reservoir for human
rotavirus and a possible source for the initiation of seasonal epidemics.
To provide clues regarding the origin of rotavirus strains responsible for epidemics,
many extensive studies have been performed to characterize the circulating viruses,
primarily using electropherotypes, serotypes, and genotypes. From these studies, it has
been determined that rotavirus strains in a specific locale may vary little over sequential
seasons, or may change dramatically, even within a single season. Moreover, at any
period during an epidemic, multiple strains can be present within a region. Because
gene reassortment can be extensive after rotavirus coinfection, it is difficult to identify
the source of new strains within a defined geographic area -- they could be derived
from outside sources, they could be obtained from local reservoirs, or they could arise
by gene reassortment of circulating strains. Clearly, if the source of virus responsible
for initiating annual rotavirus epidemics could be identified, much would be learned
about the epidemiology of rotavirus.
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6. Rotavirus pathogenesis

6.1

Disease manifestations of rotavirus infection

Rotavirus is the most common etiologic agent of dehydrating diarrhoea in children.
The primary site of rotavirus infection is the mature enterocytes on the tips of the
intestinal villi.
The incubation period for rotavirus is approximately 1–3 days (Bernstein & Ward,
2004). For children with symptoms, the onset is often abrupt, with fever and vomiting
followed by explosive, watery diarrhoea. Vomiting may precede the diarrhoea in
approximately half the cases (Haffejee, 1991b). Stools are non-bloody and generally
lack faecal leukocytes, but mucus may be found in about 20% of cases (Pickering et
al., 1977; Huicho et al., 1993). Fever commonly occurs during rotavirus illness, with,
it is estimated, between 45% and 84% of patients (Rodriguez et al., 1977; Steinhoff,
1980; Uhnoo et al., 1986; Kovacs et al., 1987). The disease is usually self-limited,
typically lasting four to eight days, although the overall duration of symptoms is
between 2 and 22 days (Wyatt et al., 1979). In one cohort study in children with
symptomatic disease, 62% had mild disease, 35% had moderate disease and 3% had
severe disease; 7% of these children required hospitalization (Velazquez et al., 1993).
When hospitalization is required, the stay is usually brief, with an average of four days
and a range of 2 to 14 days (Rodriguez et al., 1977). Recovery is generally complete,
but persistent diarrhoea associated with lactose intolerance has been described
(Khoshoo et al., 1990; Beattie et al., 1995).
In general, rotavirus infections are more severe than those caused by other viral
gastrointestinal agents (Rodriguez et al., 1977; Black et al., 1981; Uhnoo et al., 1986).
Recent data from WHO rotavirus surveillance networks from 43 countries globally
indicates that the median prevalence of rotavirus infection among children hospitalized
with diarrhoea is 36% (Bresee et al., 2005; Nelson et al., 2008; MMWR, 2011).
Other clinical manifestations associated either etiologically or incidentally with
rotavirus infection have been described, and these include encephalitis and meningitis
(Salmi et al., 1978; Keidan et al. 1992, Jones et al., 1995; Makino et al., 1996;
Hongou et al., 1998; Nigrovic et al., 2002), various upper and lower respiratory
infections, including otitis media, laryngitis, pharyngitis, and pneumonia (Lewis et
al., 1979; Santosham et al., 1983; Zheng et al., 1991), Kawasaki syndrome (Matsuno et
al., 1983), sudden infant death syndrome (Yolken & Murphy, 1982), hepatic abscess
(Grunow et al., 1985), and pancreatitis (Nigro, 1991). Elevated liver function
(Grunow et al., 1985; Kovacs et al., 1986; Grimwood et al., 1988) and neonatal
necrotizing enterocolitis (Rotbart et al., 1988; Keller et al., 1991) have also been linked
with rotavirus infection. Rotavirus infections can be more severe in immunosuppressed
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persons, including bone-marrow transplant recipients, patients infected with human
immunodeficiency virus, and those who are malnourished (Yolken et al., 1982;
Jarvis et al., 1983; Eiden et al., 1985; Gilger et al., 1992; Kanfer et al., 1994). Interestingly,
rotavirus antigen has also recently been reported to be found in the blood of
immunocompetent children with confirmed rotavirus gastroenteritis (Blutt et al., 2003;
Chiappini et al., 2005; Fischer et al., 2005). Possible roles for circulating rotavirus in
extraintestinal manifestations are intriguing, but unknown (Ramig, 2004).
The relationship between intussusception (IS) and natural rotavirus infection is of
great interest because of the reported link between the tetravalent rhesus rotavirus
(RRV) (RotashieldTM) vaccine and intussusception that resulted in removal of this
licensed vaccine from the USA market less than one year after its introduction in
1998 (Murphy et al., 2003). Several investigators have studied the possible infectious
etiology of intussusception and most conclude that natural rotavirus infections are
not a major cause (Rennels et al., 1998; Parashar et al. 2000). Although unproven, it is
suggested that the rare association of IS with RotashieldTM vaccination may be due
to unique properties of RRV not expected to be found in most other rotavirus strains.
However, post-marketing surveillance for RotaTeqTM and RotarixTM indicates the
possibility of an increased risk of intussusception shortly after the first dose of rotavirus
vaccination, in some populations. If confirmed, the level of risk observed in these
post-marketing studies is substantially lower than the risk of one case of intussusception
in 5000–10 000 vaccinees identified after RotashieldTM vaccination (WHO, GACVS,
2010).

6.2

Changes in intestinal villi after rotavirus infection

After faecal–oral transmission of rotavirus, infection is initiated in the small intestine
and typically leads to a series of histological and physiological changes. Visual pathology
due to rotavirus infection is almost solely limited to this site, and has been primarily
studied in animal models. Studies in calves and piglets revealed that rotavirus infection
caused the villus epithelium to change from columnar to cuboidal, resulting in shortening
and stunting of the villi (Mebus et al., 1974; Pearson & McNulty, 1979). The cells at
the villus tips became denuded (Figure 4), while in the underlying lamina propria,
the numbers of reticulumlike cells increased and mononuclear cell infiltration was
observed. The infection started at the proximal end of the small intestine and advanced
distally. The most pronounced changes were usually, but not always (Torres-Medina,
1984), associated with the proximal small intestine. A few studies have examined the
pathologic changes in the intestines of humans, and the results appeared to be similar
to those found in calves and piglets (Holmes et al., 1975; Suzuki & Konno, 1975).
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Figure 4:

Normal histologic appearance of ileum from an 8 dayold gnotobiotic pig. Normal mature vacuolate
absorptive cells cover the villi. Haematoxylin and eosin (H&E) stain.

Ileum from an 8dayold gnotobiotic pig after oral inoculation with virulent human rotavirus (Wa strain).
Severe villous atrophy and early crypt hyperplasia are evident. (H&E) stain.
(Permission of Dr LA Ward, Ohio Agricultural Research and Development Center, The Ohio State
University, Wooster, OH).

6.3.

Mechanisms of diarrhoea

The mechanisms responsible for severe rotavirus diarrhoea remain unclear and
may be due to multiple factors. An early study in piglets suggested that retarded
differentiation of uninfected enterocytes that migrated from the crypts after the virus
invaded villus cells, was responsible for adsorptive abnormalities (Davidson et al., 1977).
Another study with piglets lead to the conclusion that destruction of the villus tip
cells causes carbohydrate maladsorption and osmotic diarrhoea (Graham et al., 1984).
Diarrhoea has also been induced in infant mice and rats by intraperitoneal inoculation
with the rotavirus NSP4 protein, as well as with a 22-amino acid peptide derived from this
protein (Ball et al., 1996; Morris et al., 1999). It was found that NSP4 and its peptide can
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increase the levels of intracellular calcium ion (Tian et al., 1994) by activating a calciumdependent signal transduction pathway which mobilizes transport of this ion from the
endoplasmic reticulum (Tian et al., 1995; Dong et al., 1997). Further reports suggest that
NSP4 possesses membrane destabilization activity (Tian et al., 1996; Browne et al., 2000)
that may result from increased intracellular Ca++ concentrations resulting in cytoskeleton
disorganization and cell death (Perez et al., 1998; Perez et al., 1999; Brunet et al., 2000a;
Brunet et al., 2000b). Therefore, binding NSP4 to intestinal epithelium after its release
from infected cells may contribute to altered ion transport and diarrhoea. Another
possible target for secreted NSP4 is the enteric nervous system which lies under the villus
epithelium (Lundgren et al., 2000). Whether NSP4 is a major contributor to diarrhoea
occurring after rotavirus infection of humans, remains to be determined.
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7. Immunity to rotavirus

7.1

Methods to detect rotavirus and measure immune responses

In initial studies, electron microscopy was used to identify rotaviruses because of the
large number of rotavirus particles present in stools (>1010) and their characteristic
appearance. This technique has now been largely replaced by enzyme immunoassaybased and latex agglutination tests, for which kits are commercially available.
Both tests have good sensitivity compared with electron microscopy (Gilchrist et al., 1987;
Thomas et al., 1988; Dennehy et al., 1994). One problem noted in the past was
false-positive results with certain enzyme-linked immunosorbent assay (ELISA) kits
(Chrystie et al., 1983; Ratnam et al., 1984; Troonen, 1984). Inclusion of a rotavirusnegative capture antibody as a control in these kits could, by its use, eliminate these
false-positive reactions. However, this is rarely done.
Rotavirus can also be grown in tissue culture (Hasegawa et al., 1982; Wyatt et al.,
1983; Ward et al., 1984) although the methods used for routine viral cultures do not
detect rotavirus. However, live virus can be readily detected, even in stool specimens,
using fluorescent focus assays (Ward et al., 1989). The serotype of cultured strains
and virus in stools can be identified by use of monoclonal antibodies (Kapikian et al.,
1976). Deoxyribonucleic acid (DNA) probes (Larralde & Flores, 1990; Steele et al.,
1993) and particularly reverse transcription-polymerase chain reaction (PCR) have
been used effectively to identify genotypes as surrogates for serotypes (Gentsch et al.,
1992; Gouvea et al., 1993). Electrophoresis of extracted RNA can also identify rotavirus
by its characteristic 11 segments, and is used to define electropherotypes (Kalica et al.,
1976; Rodger & Holmes, 1979; Schnagl, 1981). These methods have all proved useful
as epidemiologic tools and in vaccine studies. Identification of electropherotypes is
especially useful for epidemiologic studies because it allows identification of specific
strains, although it does not provide serotype information about the strain.
Rotavirus infection, both symptomatic and asymptomatic, can also be identified by
changes in rotavirus antibody. Increases in rotavirus antibody titres are also routinely
used to measure immune responses following vaccination as a determinant of vaccine
“take”. ELISA assays are used most commonly to measure serum immunoglobulin
IgM, IgA, and IgG levels as well as stool and intestinal antibodies. Specific neutralizing
antibody titres can also be measured for each serotype of rotavirus by plaque reduction
(Wyatt et al., 1982; Hoshino et al., 1984) or focus reduction assays (Bridger & Woode,
1975; Bernstein et al., 1989). One ELISA-based antigen reduction neutralization assay
has been found to be better suited for the analyses of large numbers of specimens
(Knowlton et al., 1991). Serologic detection of infection is more difficult in the first
months of life because of the presence of maternal antibodies. Detection of rotavirus
IgA, which does not cross the placenta, has been used as a marker for infection in the
first months after birth, and has become the primary determinant of vaccine “take”
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following live virus immunization. Measurement of T-cell responses following rotavirus
infection is routinely used to monitor rotavirus infection in animals, particularly
mice and piglets (Azevedo et al., 2006; VanCott et al., 2006), but there are few reports
concerning T-cell responses following rotavirus infection of humans, whether due
to natural infection or vaccination (Jaimes et al., 2002; Rojas et al., 2003; Makela et
al., 2004). A summary of the methods used to detect rotavirus and monitor immune
responses is presented in Table 2.
Table 2: Methods to detect and monitor immune responses to rotavirus
Detection methods
Electron microscopy
Enzyme immunoassays
Latex agglutination assays
Tissue culture fluorescent focus assay
Reverse transcription/polymerase chain reaction
Polyacrylamide gel electrophoresis of genomic RNA segments
Methods to measure immune responses
Enzyme immunoassays for rotavirus serum IgG, IgA, and IgM
Enzyme immunoassays for rotavirus stool and intestinal IgA
Neutralizing antibody assays
T-cell assays

7.2

Mechanisms of protection after natural rotavirus infection or oral,
live rotavirus immunization

An obvious place to begin to understand rotavirus immunity is in determining the
effectiveness of natural rotavirus infections in the prevention of subsequent infections
and disease. Important questions relate not only to the degree of protection, but also
to whether protection is serotype- specific. As discussed earlier, there are multiple
serotypes of human rotavirus based on neutralization epitopes on the VP4 (P serotypes)
and VP7 (G serotypes) outer capsid proteins. Thus, the best protection may be limited
to strains that share neutralization epitopes, or alternatively adequate protection may be
associated with the development of B- or T-cell immune responses to epitopes shared
among different serotypes of rotavirus.
Many investigators have reported that natural rotavirus infections produce incomplete
protection, but little doubt exists that previous infections protect against severe disease
associated with reinfection (Mata et al., 1980; Bishop et al., 1983; Chiba et al., 1986;
Friedman et al., 1988; Reves et al., 1989; Clemens et al., 1992; Velazquez et al., 2000).
However, sequential illnesses, even with the same serotypes, have been reported.
In an early study reporting rotavirus disease with reinfection by the same serotype,
it was noted that protection of young children lasted six months but then declined
after one year, in association with a decline in serotype-specific neutralizing antibody
titre to the circulating rotavirus (Chiba et al., 1986). Some animal studies also support a
role for serotype-specific protection. Thus, in a study with piglets, immunization with
reassortant viruses containing either the VP4 or the VP7 protein of the same serotype,
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was protective, whereas immunization with reassortants containing heterotypic genes
for these proteins was not protective (Hoshino et al., 1988). In other studies using
mice, this association was not as clear (Ward et al., 1992b) and protection was better
correlated to serum and intestinal levels of rotavirus IgA (Feng et al., 1994; McNeal et
al., 1994; McNeal & Ward, 1995).
Although reinfection with rotavirus appears to be a common occurrence,
studies have shown that protection can persist for at least one year (Bishop et al., 1983;
Bernstein et al., 1991; Ward & Bernstein, 1994). In one study (Bishop et al., 1983),
neonates infected within the first two weeks of life were protected against severe disease,
but not against reinfection. In other studies, infants who developed a symptomatic or an
asymptomatic rotavirus infection during the first year were protected against contracting
a subsequent rotavirus illness during the following year (Bernstein et al., 1991;
Ward & Bernstein, 1994). By contrast, studies conducted in less developed countries
and in day-care centres have not shown the same degree of protection (Mata et al., 1980;
Black et al., 1982; Reves et al., 1989; Clemens et al., 1992; Velazquez et al., 1996).
Protection has been correlated to both serum and stool antibody titres produced
after natural rotavirus infection (Black et al., 1982; Chiba et al., 1986; Ward et al.,
1989; Clemens et al., 1992; Coulson et al., 1992; Matson et al., 1993; O’Ryan et al.,
1994; Velazquez et al., 1996; Velazquez et al., 2000). In one study, serum antibody
levels, especially rotavirus IgA, were found to be a marker for protection
(Velazquez et al., 2000). Reports of a correlation with serotype-specific neutralizing
antibody and protection (Chiba et al., 1986; O’Ryan et al., 1994) have not been
supported in other larger studies (Hjelt et al., 1987; Zheng et al., 1989; Ward et al., 1992a).
In the largest study, which was conducted in Bangladesh during a two-year period
when four major G serotypes were circulating, the titres of both homologous and
heterologous neutralizing antibody were found to be significantly lower in patients
with acute, clinically-significant rotavirus disease, than in matched control subjects
(Ward et al., 1992a). However, further analysis could not find a correlation with
serotype-specific neutralizing antibody, and protection seemed to correlate better with
the magnitude of the response rather than with the specific neutralizing responses.
Similarly, animal studies in both calves and mice have shown that protection can
occur in the absence of serotype-specific neutralizing antibodies in the serum, faeces,
or intestinal washes (Bridger & Oldham, 1987; Bridger et al., 1987; Woode et al., 1987;
McNeal et al., 1992; Ward et al., 1992b; McNeal et al., 1994).
Some results from rotavirus vaccine trials also fail to support a role for serum
neutralizing antibody and protection. Thus, immunization with heterologous animal
rotavirus vaccines has provided protection in some studies without inducing serum
neutralizing antibody to human serotypes (Vesikari et al., 1983; Clark et al., 1988).
In other studies that failed to demonstrate overall efficacy, protection was seen in subjects
who developed the highest antibody titres to the heterologous vaccine (Bernstein et al.,
1990; Ward et al., 1997), again implicating the magnitude of the response, rather than
specific neutralizing antibody titres. It is possible, however, that serum antibodies are
merely markers for the true protective responses in the intestine.
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Studies evaluating the protective role of previous infections and the mechanism of
protection, have used adults in challenge studies. Although essentially all adults had
been infected previously with rotavirus, they were susceptible to reinfection and at least
mild disease on natural exposure (Wenman et al., 1979; Hrdy, 1987). Initial challenge
studies revealed an association between the pre-inoculation titre of serotype-specific
neutralizing serum antibody, and protection (Kapikian et al., 1983). These studies
were later extended to show a correlation between VP7 antibody and protection,
but failed to establish a relationship between intestinal antibodies and protection
(Green & Kapikian, 1992). When similar studies were conducted with a larger group
of adults, the correlation between both serum and intestinal antibody became clearer
(Ward et al., 1989; Ward et al., 1990a). The most significant correlations were found
to be between serum rotavirus IgG and shedding, and between intestinal neutralizing
antibody and illness. However, some subjects with high titres of antibody became
infected and ill, whereas some subjects with low titres appeared to be protected.
As already noted, animal models have also proved useful for examining protective
immune responses. Initially, large animals such as piglets and calves were used,
whereas mouse models were limited to the study of passive protection because mice
are susceptible to rotavirus diarrhoea only for the first 15 days of life. Use of mice
was extended to studies on protection with the advent of the adult infection model,
where protection against faecal shedding of rotavirus antigen, rather than protection
against diarrhoea, was used as the indicator of active immunity (Ward et al., 1990c).
Initial studies of passive immunization, including cross-fostering studies in mice, found
that gastrointestinal, but not circulating, antibodies were protective, and that secretory
IgA was more effective than IgG at providing protection (Snodgrass et al., 1980;
Bridger & Brown, 1981; Saif et al., 1983; Offit & Clark, 1985; Losonsky et al., 1986b;
Schaller et al., 1992). Animals could also be passively protected with antibodies directed
at either VP4 or VP7 (Offit et al., 1986a; Offit et al., 1986b). Similarly, active immunity
against both homotypic and heterotypic challenge has been demonstrated in mice,
calves, pigs, and rabbits (Woode et al., 1976; Bridger et al., 1987; Hoshino et al., 1988;
Conner et al., 1991; McNeal et al., 1992; Ward et al., 1992b; Conner et al., 1993).
Protection was seen after both oral and parenteral immunization, although what
mechanism provided this protection remained unclear. In studies of mice, although
no correlation could be found between protection and either serum or intestinal
neutralizing antibody, levels of serum or faecal rotavirus IgA did correlate with
protection (Feng et al., 1994; McNeal et al., 1994).
The use of these models has been extended to gene knockout mice to distinguish
the role of CD8+ T- cells and antibody in protection, and have particular relevance
to vaccines. These studies indicated that CD8+ cytolytic T-cells are important for
resolution of an infection, but only antibody could provide full protection from a
subsequent challenge (Franco & Greenberg, 1995; McNeal et al., 1995; Franco et
al., 1997; Franco & Greenberg, 1999). Other reports have indicated that antibody
may be important for complete resolution of a rotavirus infection, as well as for
protection against subsequent infection (McNeal et al., 1997; VanCott et al., 2001).
A recent study in mice revealed that oral immunization of mice with a rotavirus that
was fully heterotypic to the challenge strain, provided nearly complete protection
against faecal rotavirus shedding, but that this protection was dependent on the ability
of antibody to be transported through intestinal epithelial cells (VanCott et al., 2006).
This result supports the earlier suggestion that heterotypic protection after live virus
immunization may be due to intracellular inhibition of virus replication, at least in mice
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(Feng et al., 2002; Schwartz-Cornil et al., 2002). Together, these results indicate that the
levels, and location of protective antibody, as well as the proteins against which it is
directed, are of immediate importance, provided the results found in mice are relevant
to larger animals and to humans.
Information on protective immune responses continues to become available,
and should prove useful in the development of rotavirus vaccines. However the absence,
to date, of a reliable immunologic marker of protection, continues to render vaccine
trials more difficult.

7.3

Rotavirus vaccines

7.3.1 Animal rotavirus strains as vaccine candidates
Within a few years after the discovery of human rotaviruses and the recognition that
they are the primary cause of severe gastroenteritis in young children, clinical trials
evaluating rotavirus vaccine candidates were already underway. As natural rotavirus
infections induce excellent protection, at least against severe rotavirus disease,
vaccine efforts have been mainly directed at the development of live attenuated rotavirus
vaccines (Flores & Kapikian, 1990; Conner et al., 1994; Glass et al., 1994). Many of
these efforts have concentrated on the use of animal rotavirus strains, labelled the
Jennerian approach (Kapikian et al., 1986) because it relies on the natural attenuation
of animal viruses in humans for safety, and largely heterotypic immune responses
for protection. Use of animal rotaviruses has continued, either directly or indirectly,
in the development of several of the current live rotavirus vaccine candidates.
This approach is based on the finding that, although animal rotaviruses have been
found to infect humans (Nakagomi & Nakagomi, 1993), transmission of rotavirus
disease from animals to humans still appears to be relatively uncommon, probably due,
at least in part, to natural genetic barriers. Furthermore, when animal rotavirus strains
are developed for use as human vaccine candidates, they are passed in cell culture,
a procedure that should compel them to be further attenuated. The prediction that
cell-culture grown animal rotaviruses are attenuated, has been supported by clinical
trial results, in that vaccine candidates developed from animal rotaviruses have caused
few, if any, symptoms typically associated with rotavirus disease after administration
to young children (Vesikari, 1993; Bernstein & Ward, 2004; Estes & Kapikian, 2007).
The first rotavirus isolated in cell culture was also the first to be evaluated in clinical
trials. This bovine virus (NCDV), attenuated by >260 passages in cell culture,
produced no adverse effects when administered to newborn calves (Mebus et al., 1972).
Similarly, when prepared for human use, this virus (RIT 4237), produced no disease
in young children, even when administered at a dose of 108 TCID50 (Vesikari et al.,
1983). Administration of the vaccine during initial efficacy trials conducted in Finland
resulted in serum antibody responses in 50% to 70% of children aged 5–12 months,
and was associated with >80% protection against clinically significant rotavirus disease
(Vesikari et al., 1984; Vesikari et al., 1985). When evaluated in subsequent trials,
particularly those conducted in developing-country settings, administration of this
candidate vaccine resulted in less protection, and its development was discontinued
(Hanlon et al., 1987; Santosham et al., 1991; Vesikari et al., 1991a).
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Development and evaluation of another bovine rotavirus (WC3), and a simian rotavirus
(RRV), followed soon after the initial studies with RIT 4237. WC3 was evaluated in
humans after 12 passages in cell culture. No significant side-effects were observed
following administration to several hundred young children in both developed and
developing countries, and between 70% and 100% developed serum rotavirus antibody
responses (Clark, 1988). Efficacy, as with the RIT 4237 vaccine, was inconsistent,
and in two out of four studies was insignificant (Clark et al., 1988; Bernstein et al.,
1990; Georges-Courbot et al., 1991). The simian RRV rotavirus strain (MMU 18006)
was evaluated after nine passages in primary or secondary monkey kidney cells,
and seven passages in diploid fetal rhesus monkey lung cells (Estes & Kapikian, 2007).
This vaccine typically induced self-limited febrile responses in approximately onethird of vaccinees >5 months of age, but in only a small fraction of younger infants
(Losonsky et al., 1986a; Perez-Schael et al., 1987). Although highly immunogenic, the
ability of MMU 18006 to stimulate protection against subsequent rotavirus disease
was, like the other candidates, inconsistent (Rennels et al., 1986; Flores et al., 1987;
Christy et al., 1988; Perez-Schael et al., 1990b; Rennels et al., 1990; Vesikari et al.,
1990; Santosham et al., 1991). Based on these inconsistencies, both the WC3 and RRV
vaccine candidates were modified to include gene segments encoding at least one of the
two neutralization proteins (i.e. VP7 and VP4) derived from different serotypes of
human rotaviruses. This is called the “modified Jennerian approach” and has been used
to develop three candidate vaccines that have either been licensed or are in development,
as described below. The only other animal strain developed for evaluation as a vaccine
candidate in humans was derived from a lamb. This G10P[12] strain, which had already
been administered to >20 000 children in the People’s Republic of China by the year
2000 (World Health Organization, 2001), has shown no evidence of side-effects,
but its efficacy is still unknown.

7.3.2 Animal/human reassortant rotavirus strains as vaccine candidates
The modified Jennerian approach was applied to rotavirus vaccine development
primarily because of the belief that homotypic immunity might increase protection.
The goal was to create a multivalent vaccine containing viruses with human
rotavirus genes representing the main human serotypes. Reassortant vaccines were
developed with simian RRV (Midthun et al., 1985; Midthun et al., 1986), bovine WC3
(Bernstein et al., 1990; Clark et al., 1990a; Treanor et al., 1995), and later bovine UK
(Kapikian et al., 2005; Vesikari et al., 2006a) as the animal strain.
The RRV/human VP7 rotavirus reassortants were developed into Rotashield TM
which contains RRV (G3) and reassortants with the VP7 genes of G1, G2, or G4
human rotavirus serotypes and all 10 other genes from RRV. Extensive evaluations
completed before licensure indicated that the tetravalent RRV vaccine was safe and
consistently prevented around 80% of severe rotavirus illnesses (Bernstein et al., 1995;
Rennels et al., 1996; Joensuu et al., 1997; Perez-Schael et al., 1997) which were defined
as those having illness scores of >8 on a 20-point scale (Flores et al., 1987). For these
reasons, RotashieldTM was licensed in the USA in 1998. However, in <1 year, the vaccine
was withdrawn by the manufacturer due to excess cases of intussusception occurring
in the week following vaccination (Murphy et al., 2003). The exact excess burden of
intussusception during the life of the child, if any, has yet to be defined, but it has
been estimated to be 1 per 10 000 to 12 000 (Kombo et al., 2001; Kramarz et al., 2001;
Simonsen et al., 2001; Peter & Myers, 2002). Further analysis has also revealed that the
risk is age-related and was substantially increased in those receiving their first dose of
vaccine at >90 days of age (Simonsen et al., 2005; Rothman et al., 2006). The mechanism
for this association is yet to be defined (Lynch et al., 2006).
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The WC3-based reassortant vaccine RotaTeqTM was licensed in 2006, first in the USA
and subsequently in the European Union, Canada, and several Latin American countries.
Today it is licensed worldwide. After the WC3 vaccine was shown to be safe but not
consistently effective (Clark et al., 1988; Bernstein et al., 1990; Georges-Courbot et al.,
1991), a quadrivalent reassortant vaccine was developed and evaluated that contained
both VP7 and VP4 human rotavirus gene substitutions (G1, G2, G3 or P[8]). In a study
conducted at multiple centres in the United States, this vaccine was shown to be both
safe and effective against all cases of rotavirus gastroenteritis (75%), and particularly
against severe cases (100%) (Clark et al., 2004) defined as those having illness scores
of >16 on a 24-point scale (Clark et al., 2004). The pentavalent RotaTeqTM vaccine
developed later contains the VP7 and VP4 reassortants noted above, plus a VP7 G4
reassortant (Clark et al., 2006). The vaccine is suspended in a liquid sodium citrate and
phosphate buffer at a minimum titre of approximately 1.2 x 107 infectious units per
dose, and given in a 3-dose schedule between 6 and 32 weeks of age, with a first dose
administered between 6 and 12 weeks of age (Heaton & Ciarlet, 2007).
Due to the association of RotashieldTM with intussusception, subsequent rotavirus
vaccines were required to undergo very large safety trials. A large pivotal trial of
RotaTeqTM of over 70 000 infants showed that the vaccine was safe, and, unlike
RotashieldTM, it did not induce fever (Vesikari et al., 2006b). More importantly,
no association with intussusception was demonstrated in that trial. The vaccine
was also highly effective, reducing all G1–G4 rotavirus gastroenteritis by 74.0 %,
severe gastroenteritis by 98.0 %, and hospitalizations and emergency-room visits by
94.5 %.
RotaTeqTM has been evaluated in several low-income countries in Africa and Asia.
In Bangladesh and Vietnam, the efficacy of the vaccine against severe rotavirus disease
was 48.3% (Zaman et al., 2010) while in Ghana, Kenya and Mali, its combined efficacy
against severe rotavirus disease was 39.3% (Armah et al., 2010). This reduced efficacy
relative to that found in higher income countries was not unexpected based on previous
experiences with other live orally delivered vaccines in these settings, (WHO Position
paper on rotavirus vaccines, 2009; WHO/SAGE, 17 March 2009).
Introduction of RotaTeq for routine immunization in the USA in 2006 resulted in
almost complete elimination of hospitalizations and ED visits during the subsequent
two years (Wang et al., 2010; Boom et al., 2010). Although its effectiveness in
low-income countries is expected to be lower, use of the vaccine in those settings
should still save many thousands of lives each year due to the massive number of severe
rotavirus illnesses.
Evaluation of a second bovine/human reassortant vaccine candidate, called the UK
reassortant vaccine, is just beginning (Kapikian et al., 2005; Vesikari et al., 2006a).
However, this vaccine has been licensed to several developing country manufacturers,
and studies are underway to produce and test this vaccine as an alternative to RotaTeqTM.
It is anticipated that the final product will be composed of at least four virus reassortants
similar to those found in the RotaTeqTM product (G1, G2, G3 & G4 reassortants),
with the bovine rotavirus UK strain, rather than WC3, as the backbone. The vaccine
could also be produced to include UK bovine reassortants containing human
rotavirus G8 and G9, although neither of these has yet been evaluated in humans
(Kapikian et al., 2005).
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7.3.3 Human rotavirus strains as vaccine candidates
The other rotaviruses developed for use as live virus vaccine candidates have all been
derived from infected humans. As humans are the natural hosts for these strains,
it has been suggested that the immune responses they stimulate in infected humans,
even after growth in cell culture, may be greater and more consistent than those elicited
after administration of animal strains. Furthermore, because the protection they produce
will be directed against rotaviruses that also naturally infect humans, it has also been
postulated that they may stimulate greater protection against these strains than that
elicited by vaccination with animal rotaviruses. Although several live rotavirus vaccine
candidates derived from human strains are under evaluation, the general validity
of these suggestions has not yet been determined. It is clear, however, that not all
vaccines derived from human rotavirus strains elicit greater immune responses,
or protection in immunized subjects than found after immunization with animal strains
(Flores et al., 1990; Vesikari et al., 1991b).
Several of the human rotavirus strains that have been developed and evaluated as
vaccine candidates were obtained from neonates. Neonatal rotavirus infections are
typically endemic in some hospital settings but do not normally cause disease in the
population. Although these neonatal strains are often readily distinguishable from the
circulating community strains responsible for illnesses in older subjects, this is not
always the case. Studies reported >2 decades ago suggested that the VP4 proteins of
neonatal strains belonged to the P[6] genotype (Flores et al., 1986; Gorziglia et al., 1986)
but this distinguishing feature has vanished, with multiple reports of P[6] community
strains and non-P[6] neonatal strains. It is unclear therefore whether the absence of
disease in infected neonates is due to the strains causing the infections or to the innate
resistance of full-term newborns to rotavirus disease. Even so, several neonatal strains
have been developed as rotavirus vaccine candidates, based on the suggestion that they
might be naturally attenuated and on reports that they elicit at least partial protection
against clinically significant rotavirus disease (Bishop et al., 1983; Bhan et al., 1993;
Aijaz et al., 1996). The first, (strain M37), stimulated poor immune responses and no
protection against subsequent rotavirus disease following administration to young
children (Flores et al., 1990; Vesikari et al., 1991b). Another, the RV3 strain, has been
evaluated in very small trials, but at the doses at which it was administered, it was
found to be both poorly immunogenic and weakly protective (Barnes et al., 1997;
Barnes et al., 2002). Attempts are being made to develop better responses with higher
doses of virus. Two other neonatal vaccines (116E and I321), isolated in India and
derived from natural bovine/human rotavirus reassortment entered clinical trials
(Glass et al., 2005; Bhandari et al., 2006). Only 116E provided sufficient immunogenicity
in its first infant trial to be pursued further as a vaccine candidate (Bhandari et al.,
2006).
The other human rotavirus that has been developed as a vaccine candidate is RIX4414
which was developed commercially into RotarixTM. This vaccine has been licensed in
>110 countries worldwide. RotarixTM is a live oral vaccine, based on the attenuated
human strain 89-12. Strain 89-12 is a G1P[8] strain, the most common strain
worldwide, initially obtained from an infant with rotavirus gastroenteritis in Cincinnati,
Ohio (Bernstein et al., 1998). The isolate was attenuated by multiple passages in tissue
culture prior to being evaluated as a vaccine. Studies showed that it was safe, but,
similar to RotashieldTM, the 89-12 vaccine induced a low-grade fever in 19% of
recipients. Results of a multicentre efficacy trial showed that two doses of this vaccine
provided 89% protection against any rotavirus disease, and 100% protection from
more serious disease (Bernstein et al., 1999).
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A single virus from the 89-12 vaccine was then purified by limiting dilution,
and further passaged in tissue culture. The final product, initially called RIX4414
and later marketed as RotarixTM, was evaluated in several studies. RotarixTM
was immunogenic and did not induce the fever seen with the parent 89-12 vaccine
(Vesikari et al., 2004a; Vesikari et al., 2004b; Dennehy et al., 2005; Phua et al., 2005;
Salinas et al., 2005; Ruiz-Palacios et al., 2006). This vaccine did not interfere either
with the immune responses to the other concomitantly-used vaccines (Dennehy et al.,
2005; Salinas et al., 2005). In the initial efficacy trial conducted in Finland over two
rotavirus seasons, RotarixTM was 73% protective against all rotavirus gastroenteritis,
and 90% protective against severe gastroenteritis despite the relatively low dose of
vaccine used (Vesikari et al., 2004b). The definition of severe disease for these and
subsequent RotarixTM trials was defined as a Vesikari score of >10 on a 20-point scale
(Ruuska & Vesikari, 1990). As with RotaTeqTM, the vaccine was then evaluated in
a very large safety trial (Ruiz-Palacios et al., 2006). In a study of over 63 000 infants
conducted primarily in 11 countries in Latin America, the vaccine was safe and did
not induce fever, and, more importantly, was not associated with intussusception.
Efficacy was 85% against severe rotavirus diarrhoea and hospitalizations, and reached
100% against more severe gastroenteritis. Notably, efficacy was high (over 86%)
against severe rotavirus diarrhoea, caused not only by G1P[8] strains but also by the
VP4 related G3P[8], G4P[8] and G9P[8] strains. In addition, an integrated analysis of
several randomized controlled trials indicated that efficacy against G2P[4] strains was
81% against illness of any severity and 71% against severe disease, thus suggesting
that the vaccine will be efficacious against strains that do share VP4 or VP7 proteins
(De Vos et al., 2009). In a more recent trial of >4000 infants conducted in six European
countries, in populations more similar to those used for evaluation of RotaTeqTM
(Vesikari et al., 2006b), protection was 87% against any rotavirus gastroenteritis,
96% against severe disease, and 100% against hospitalization due to rotavirus during
the first year, decreasing slightly during the second year of the study (Vesikari et al.,
2007). During the first year of the European study, efficacies against severe disease
due to G3, G4 and G9 rotaviruses were similar to that against G1 and exceeded 94%,
while efficacy against G2 strains was 75%. Importantly, efficacy against hospitalization
due to gastroenteritis of any cause was 75%.
Rotarix TM was evaluated in two low-income countries in Africa (Malawi and
South Africa) and the results of these trials showed that the vaccine reduced severe
rotavirus illnesses by a combined 61.2% (Madhi et al., 2010; WHO Position paper
on rotavirus vaccines, December 2009; WHO/SAGE, 17 March 2009). This was
substantially less than was found in higher-income countries but, as with RotaTeqTM,
even with this reduced level of protection, the use of the vaccine should save thousands
of lives each year in these settings. The vaccine is reconstituted in a calcium carbonate
buffer and given in a 2-dose schedule at approximately two and four months of age.
Routine use of RotarixTM in several low-middle income Latin American countries
between 2006 and 2009 was found to greatly reduce both hospitalizations and
deaths due to diarrhoeas of any cause (Richardson et al., 2010; de Palma et al., 2010;
Lanzieri et al., 2010). Furthermore, in Brazil, where G2[P4] strains that were
genotypically different from the G1P[8] vaccine strain predominated, the effectiveness
of the vaccine against severe rotavirus disease due to these heterotypic strains was
reported to be 77% (Correia et al., 2010).
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A listing of many of the the most pertinent clinical trials with live rotavirus vaccine
candidates is presented in Table 3.
Table 3: Selected vaccine studies
Vaccine

RIT 4237

Country

Total
Number
number of of doses
subjects

Percentage
Reference
protection
(overall/severe
disease)
58/82
(Vesikari et al., 1985)

Finland

328

2

Rwanda

245

3

0/0

(DeMol et al., 1986)

Gambia

185

3

0/37

(Hanlon et al., 1987)

Peru

391

3

40/75

(Lanata et al., 1989)

USA (Philadelphia, PA)

104

1

43/89

(Clark et al., 1988)

USA (Cincinnati, OH)

206

1

17/41

(Bernstein et al., 1990)

Central African Republic

472

2

0/36

USA (Rochester, NY)

176

1

0/0

(Georges-Courbot et
al., 1991)
(Christy et al., 1988)

Venezuela

247

1

68/100

(Flores et al., 1987)

Finland

200

1

38/67

(Vesikari et al., 1990)

USA (Indian Reservation)

321

1

0/ND

(Santosham et al.,
1991)

RRV G1

Finland

359

1

67/ND

(Vesikari et al., 1992)

RRV G2

Finland

RRV G1

USA

WC3

RRV

RRV/reassortants

66/ND
898

3

RRV TV
RRV G1

(Bernstein et al., 1995)

64/82
USA

1187

3

RRV TV
RRV TV

69/73

54/69

(Rennels et al., 1996)

49/80
Venezuela

2207

3

48/88

(Perez-Schael et al.,
1997)

WC3 TV

USA

417

3

75/100

(Clark et al., 2004)

WC3 PV

USA and Finland

57 134

3

74/98

(Vesikari et al., 2006b)

WC3 PV

Ghana, Mali, and Kenya

5468

3

ND/39

(Armah et al, 2010)

WC3 PV

Bangladesh and Vietnam

2036

3

ND/48

(Zaman et al, 2010)

89-12

USA

215

2

89/100

(Bernstein et al., 1999)

RIX 4414

Finland

405

2

73/90

(Vesikari et al., 2004b)

RIX 4414

Finland and Latin America

20 169

2

ND/85

RIX 4414

European Union

4274

2

87/96

(Ruiz-Palacios et al.,
2006)
(Vesikari et al., 2007)

RIX 4414

Malawi and South Africa

4939

3/2

ND/61

(Madhi et al, 2010)

WC3 reassortants

Human 89-12
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7.3.4 Non-living rotavirus vaccine candidates
As live virus vaccines have potential inadequacies, such as side-effects due to insufficient
attenuation, adverse reactions associated with viral replication, or insufficient efficacies
against rotavirus disease, non-living rotavirus vaccine candidates are being developed.
None, however, have been administered to humans, and currently only three types
of candidates have been extensively evaluated in animal model studies. These are
virus-like particles (VLPs), recombinant VP6 proteins, and inactivated rotaviruses.
The VLPs being evaluated are composed of baculovirus-expressed VP2/VP6 proteins,
as well as those that additionally contain one or both outer capsid neutralization
proteins. Challenge studies conducted with the adult mouse model have shown that
intranasal or intrarectal inoculation with the 2/6 particles along with a powerful mucosal
adjuvant, stimulated nearly complete protection against murine rotavirus shedding
(Conner et al., 1996; O'Neal et al., 1997; Agnello et al., 2006; Parez et al., 2006).
Similar studies conducted with E. coli-expressed chimeric VP6 proteins of murine or
human rotavirus origin, found that immunized mice were nearly fully protected against
murine rotavirus shedding after either intranasal, oral or intrarectal immunization
(Choi et al., 1999; McNeal et al., 2007).
By contrast to the results found in mice, intranasal immunization of gnotobiotic piglets
with the 2/6 VLPs and adjuvant, did not elicit protection against shedding or diarrhoeal
illness induced by a virulent human rotavirus (Yuan et al., 2000). However, when piglets
were immunized by oral administration of a live attenuated strain of human rotavirus,
substantial protection was elicited against the virulent human strain (Yuan et al.,
2001). VLPs have also been administered parenterally to rabbits, along with adjuvant,
and were found to elicit substantial protection against lapine rotavirus shedding,
particularly if they contained one or more outer capsid neutralization proteins,
even when these proteins were from a different serotype than the challenge strain
(Ciarlet et al., 1998). If humans are protected against rotavirus disease by these non-living
vaccine candidates as well as mice and rabbits are protected against faecal production
of rotavirus antigen, they offer promise as second generation rotavirus vaccines.
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